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Abstract 
This thesis reports the calibration, imaging and analysis of one epoc.h of VLBI obser-
vations of the v = 1 .} = 1-0 transition of SiO towards VY C~la. Full polarisation 
information was recorded, allowing high resolution synthesis maps of each of the four 
Stokes p"ntmeters to be produced. 
A total of 81 maser components were extracted from the total intensity map, each 
approximately 1 mas in size. T he emission spans approximately 100 x 80 mas in right 
ascension and declination and is concentrated to the east. The maser component 
positions were fitted to Il ring of radins ~ 3.2R., or 7.2 x lO l l cm for a stellar distance 
of 1.5 kpc. If the stellar position is assumed to be the centre of t his ring then almost 
all of the maser components fall within the inner dnst shell radius, whidl is at ~ 5R •. 
All of the maser components fall between 1.5R. and GR •. 
A velocity gradient with position angle was observed in the sparsely filled western 
region of the maser ring. If interpreted as evidence of shell rotation, this gradient 
implies a rotational velocity of !·cot sin i = 18 km.s- I. 
The fractional circular and linear polarisations of the maser spots were derived 
from the Stokes parameter maps. The mean fractional circular polarisat,ion of the 
masers components was ~ 2% and the median fractional linear polarisation was ~ 6%, 
with many spots displaying ovcr ~ 30".{. linear polarisation. The mean circular polar-
isation implies a magnetic field of ~ 4 G in the SiO maser region if the polarisation 
is due to Zeeman splitting. 
Two maser c.ompOlwnts display a rotation of linear polarisation position angle with 
velocity, possibly implying a connection between the magnetic field and the velocity 
field variations in the region of these components. 
11 
Acknowledgements 
Thanks must go to my two supervisors - to Prof Jonas for his wisdom and Dr Kemball 
for his patience with my many emails. It was a privilege to learn from these two 
people. 
To my family, who have seen too little of me these last years - thank you for the 
support., encouragement and the food-aid. Thanks to my digsmates and friends in 
Grahamstowll who kept me sane (or insane, perhaps). Thanks to my lab-mates for 
the kaif runs. Thanks to Anthony, without whom I would probably still be trying to 
install AlPS. I must also thank the members of the Physics Department who have 
always been available to answer my questions and have writton me thousands of 
testimonials, Dr Nathanson and Dr Haggard in particular. I received help from both 
my supervisors, my mother and Linda with proof-reading this thesis. Its a dreary job 
and I would like to thank them all for the time they spcnt helping with this. 
I gratefully acknowledge the financial assistance of Rhodes University, the NRF, 
the Henderson Foundation, the Ford Foundation and the Ernst and Ethel Eriksen 
Trust. I would also like to thank the lecturers and coordinators of the N ASSP pro-
gramme from whom I received an excellent six months of coursework. 
Finally, thanks to the Lord, my rest. 
III 
Contents 
Abstract 
Acknowledgements 
1 Introduct ion 
2 A Review of the literat ure 
2. 1 Introduction .. . . . . 
2.2 Physical properties and classification 
2.2.1 Distance 
2.2.2 Itadius. 
2.2.3 Systematic and expansion velocities 
2.2.4 i\, la5s-loss rate 
2. 2.5 Inner dnst shell radius 
2.2.6 Evolutionary status. 
2.3 Opt ical observations . . 
2.4 Infrared observations . . 
2.4.1 Infrared continuum images 
2.4.2 \"1olecular infrared emission 
2.5 H.adio and sub-mm observations 
2.6 OH masers . ... . . 
2.6 .1 OH masers at 1612 MHz 
2.6 .2 Main line OH masers 
2.7 H2 0 masers . .. ..... . 
2.7.1 Interferometric observations 
LV 
ii 
iii 
1 
6 
6 
6 
7 
8 
9 
11 
12 
13 
14 
16 
17 
19 
20 
21 
21 
23 
2·1 
24 
2.7.2 Variability 
2.7.3 Polarisation 
2.7.4 High frequency water masers . 
2.8 SiO masers 
2.8.1 Observed SiO maser lines in single-dish studies. 
2.8.2 Interferometric observations 
2.8.3 Variability .. 
2.8.4 Line overlaps 
2.8.5 Polarisation 
2.8.6 SiO maser pumping mechanisms . 
2.9 Circumstellar environment .. 
2.9.1 1\ear circumstellar shell . 
2.9 .2 Inner dust shell 
2.9.3 OH and H20 maser emission regions 
2.904 Extended emission .. 
2.9.5 Large scale structures. 
2.9.6 Magnetic fidd 
3 Observing technique 
3.1 Introduction .... 
3.2 Radio interferometry 
3.3 Very Long Baseline Interferometry 
3.4 VLB! spectropoiarimetry . 
3.5 Calibrat ion . 
3.5 .1 Bandpass calibration 
3.5.2 Amplitude calibration 
3.5.3 Phase calibration 
3.5.4 Antenna feed calibration 
3.6 Imaging . . 
4 Data reduction 
4.1 Introduction 
4.2 Observations. 
v 
25 
27 
27 
28 
29 
31 
32 
32 
34 
34 
38 
38 
40 
42 
45 
46 
47 
50 
50 
51 
54 
55 
59 
60 
61 
62 
66 
67 
69 
69 
70 
4.3 
4.4 
4.5 
Data loading. 
Initial flagging . 
Calibrator autocorrelation data 
4.5.1 Calibrator autocorrelation editing 
4.5.2 Autocorrelat.ion bandpass 
4.6 VY CMa autocorrelation data 
4.6.1 \ 'elocity shifting ... 
4.6.2 Amplitude calibration 
4.7 
4.6.3 Polarisation offset: Amplitude 
Calibrator cross-correlation data. 
4.7.1 Cross-correlation bandpass . 
4.7.2 Phase calibration: Delay 
4.7 .3 Polarisa.tion offset: Phase 
4.8 VY CMa cross-correlat.ion dat.a 
4.8.1 Phase calibration: Rate 
4.8.2 Self-calibration .... 
4.8.3 Polarisation correction 
4.9 Image cubes 
4.9.1 Feed calibration. 
5 Results 
5.1 
5.2 
5.3 
Introduction 
Identifying maser components 
Polarisation 
6 Analysis 
6.1 Introduction ........... . 
6.2 Observed SiO maser distributions 
6.3 The total intensity maser distribution . 
6.3.1 Shell model 
6.3.2 Bipolar flow 
6.3.3 Velocity gradients . 
6.4 Polarisation 
Vl 
71 
71 
73 
73 
73 
75 
75 
77 
79 
80 
80 
81 
82 
83 
83 
84 
86 
87 
88 
92 
92 
93 
95 
103 
103 
104 
106 
106 
110 
111 
116 
6.4.1 :V1agnetic field 
6.5 Discussion 
7 Conclusion 
7. 1 Synopsis of results 
7. 2 Future work . . . . 
A Total intensity channel m aps 
B Linear polarisation channel maps 
C Stokes Q channel maps 
D Stokes [ ' channel m aps 
E Stokes l/ channel m aps 
References 
vii 
117 
122 
126 
126 
127 
129 
144 
159 
174 
189 
204 
List of Tables 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
Stellar distance estimates. 
Stellar diameter estimates 
Stellar velocity and expansion velocity estimates 
Mass-loss estimates . 
Inner dust shell radius estimates . 
Thermal radio and sub-millimeter lines observed towards VY CMa . 
Observed 28SiO, 29SiO and 30SiO maser lines .... 
4.1 The D-term amplitude ane! phase for the left and right circularly po-
larised feeds at each antenna 
4.2 Cartesian components of the VLBA station position vectors 
5.1 List of m!h~er components 
7 
8 
10 
12 
13 
21 
49 
89 
90 
101 
6.1 Published synthesis maps of SiO masers towards late-type stars 105 
6.2 Rotation of the linear polarisation position angle of two maser c:ompo-
nents .. . 121 
viii 
List of Figures 
2.1 VY CMa at 1.65 I,m (i\lonnier et a!., 1999b) 17 
2.2 VY CMa in the K-band (Cruzalebes et a!., 1998) 18 
2.3 Sketch of the OH, H20 and SiO maser distributions 22 
2.4 H20 maser spot locations (Richards et a!., 1998) . 26 
2.5 Vibration-rotation levels of SiO . . . . . . . . . . 29 
2.6 Sketch of SiO thermal and maser emission images 39 
2.7 Dominant axes in the infrared and SiO emission images 40 
2.8 Proposed environment of the near-infrared emission region 41 
2.9 Sketch of the rhO and SiO maser emission regions. . 44 
2.10 Sketch of the optical and near-infrared features observed in the large 
scale structure around VY CMa (Smith et a!., 2001) . 46 
3.1 The spatial coordinate system used in interferometry theory 52 
3.2 The geometric time delay between signals received at two antennas 53 
4.1 The (u, v)-coverage for the VY CMa observations 71 
4.2 System noise temperature versus elevation angle at t.he Brewster antenna 72 
4.3 VY CMa autocorrelation plots of eorrelator weight vs time 74 
4.4 VY C:V1a autocorrelation plots of correlator weight vs time, with weight 
flagging applied . . . . . . . . . . . . . 74 
4.5 Normalised RCP autocorrelation bandpass responses for each antenna 75 
4.6 Doppler-shifted VY CMa autocorrelation spectra in RR . 76 
4.7 The template spectra at Los Alamos . . 77 
4.8 The point source sensitivity a function of elevation angle for the Los 
Alamos antenna at 7 mm. . . . . . . . . . . . . . . . . 78 
ix 
4.9 Calibrated VY C!l.Ia autocorrelation spectra in RR .. 
4.10 The full RCP antenna-based band passes for each antenna. 
4.11 Parameters used ill the self-calibration process . . . . . . . 
79 
81 
85 
4.12 RMS noise in the self-calibration images . . . . . . 87 
4.13 The initial and final images produced in the self-calibration process 88 
4.14 Flowchart outlining the data reduction and imaging steps. 91 
5.1 The total power spectrum at the Los Alamos antenna 93 
5.2 T he flux density spect,rum obtained from the final total intensity map 94 
5.3 A contour plot of the total intensity (Stokes 1) maser emission 98 
5.4 A contour plot of the Stokes V maser emission . 98 
5.5 A contour plot of the Stokes Q maser emission. 99 
5.6 A contour plot of the Stokes [' maser emission. 99 
5.7 Linear polarization vectors . . . . . . . . . 100 
6.1 :VIaser components with fitted circle of radius 32 mas 107 
6.2 Plot of distance of the maser components from the assumed stellar 
position versus the maser velocity . . . 108 
6.3 Plot of the distance of the maser components from two test stellar 
positions versus the maser velocity .... 109 
6.4 Plot of maser component distance along a 70° axis versus velocity 110 
6.5 Plot of the velocity of the maser components versus the position angle 
of the component around the shell. . . . . . . . 112 
6.6 Solid body rotation model fit to SiO maser components 113 
6.7 Expanding sphere geometry . . . . . . . . . 114 
6.8 Rotating sphere geometry . 114 
6.9 Expanding disk geomet.ry, inclination i = ,15° 
6.10 Expanding disk geometry, inclination i = 20° 
11,1 
114 
6.11 Linear velocity gradient of a maser feature over 2.172 km.s- 1 116 
6.12 Plot of inferred magnetic field versus radial distance from VY CMa 118 
6.13 Plot of Ix - t'l versus position angle on the maser shell 119 
6.14 Plot offractionallinear versus fractional circular polarisation. 122 
x 
6.15 Rotation of linear polarisation position angle of maser components with 
velocity 125 
A.l A contour plot of total intensity channel maps, 29.4 - 30.9 km.s- ' 130 
A.2 A contour plot of total intensity channel maps, 27.7 - 29.2 km.s- 1 131 
A.3 A contour plot of total intensity channel maps, 26.0 - 27.5 km.s- I 132 
:\.4 A contour plot of total intensity channel maps, 24.2 - 25.7 km.s- 1 133 
A.5 A contour plot of total intensity channel maps, 22.5 - 24.0 km.s- ' 134 
A.6 A contour plot of total intensity channel maps, 20.7 - 22.3 krn.s- ' 135 
A.7 A contour plot of total intensity channel maps, 19.0 - 20.5 km.s- 1 136 
A.8 A contour plot of total intensity channel maps, 17.3 - 18.8 km.s- I 137 
A.9 A contour plot of total intensity channel maps, 15.5 - 17.0 km.8- 1 138 
A.lO A contour plot of total intensity channel maps , 13.8 - 15.3 km.8- 1 139 
A.ll A contour plot of total intensity channel maps, 12.0 - 13.6 knl.S- 1 140 
A.12 A contour plot of total intensity channel maps, 10.3 - 11.8 km.s- 1 141 
A.13 A contour plot of total intensity channel maps, 8.6 - 10.1 km.s- 1 142 
A.14 A contour plot of total intensity channel maps, 7.5 - 8.4 km.s-1 143 
B.l Linear polarisation vectors in channels 29.4 - 30.9 km.s- 1 145 
B.2 Linear polarisation vectors in channels 27.7 - 29.2 km.s- 1 146 
B.3 Linear polarisation vectors in channels 26.0 - 27.5 km.s- 1 147 
B.4 Linear polarisation vectors in channels 24.2 - 2'3 .7 km.s- 1 148 
B.o Linear polarisation vectors in channels 22.5 - 24.0 km.s- I 149 
B.6 Linear polarisation vectors in channels 20.7 - 22.3 km.s- ' 150 
B.7 Linear polarisation vectors in channels 19.0 - 20.5 km.s- 1 151 
B.8 Linear polarisation vectors in channels 17.3 - 18.8 km.s- 1 152 
B.9 Linear polarisation vectors in channels 15.5 - 17.0 km.s- 1 153 
B.I0 Linear polarisation vectors in channels 13.8 - 15.3 km.s- 1 154 
B.ll Linear polarisation vectors in channels 12.0 - 13.6 km.s- 1 155 
B.12 Linear polarisation vectors in channels 10.3 - 11.8 km.s- ' 156 
B.13 Linear polarisation vectors in channels 8.6 - 10.1 km.s - ' 157 
B.14 Linear polarisation vectors in channels 7.5 - 8.4 km.s- I . 158 
C.l A contour plot of the Stokes Q channel maps , 29.4 - 30.9 km.8 - 1 160 
xi 
C.2 A contour plot of the Stokes Q channel maps, 27.7 - 29.2 km.s- I 161 
C.3 A contour plot of the Stokes Q channel maps, 26.0 - 27.5 km .s- ' 162 
CA A contour plot of the St.ok~s Q channel maps , 24.2 - 25.7 km.s - I 163 
C.5 A contour plot of the Stokes Q channel maps, 22.5 - 24.0 km.s- I 164 
C.6 A contour plot of the Stokes Q channel maps, 20.7- 22.3 km.s- I 165 
C.7 A contour plot of the Stokes Q channel maps, 19.0 - 20,5 km.s- I 166 
C.8 A contour plot of the Stokes Q channel maps, 17.3 - 18.8 km.s- I 167 
C.9 A contour plot of the Stokes Q channel maps, 15.5 - 17.0 km.s- I 168 
C.10 A contour plot of the Stokes Q channel maps, 13.8 - 15.3 km.s- I 169 
C.l1 A contour plot of the Stokes Q channel maps, 12.0 - 13.6 km.s- I 170 
C.12 A contonr plot of t.he Stokes Q channel maps, 10.3 - 11.8 km.s- I 171 
C.13 A contour plot of the Stokes Q channel maps, 8.6 - 10.1 km.s- I 172 
C.14 A contour plot of the Stokes Q channel maps, 7.5 - 8.4 km.s- 1 173 
D.1 A contour plot of Stokes U channel maps, 29.4 - 30.9 km.s- 1 175 
D.2 A contour plot of total intensity channel maps, 27.7 - 29.2 km.s- 1 176 
D.3 A contour plot of total intensity channel maps, 26.0 - 27.5 kilLS- I 177 
DA A contour plot of total intensity channel maps, 24.2 - 2;;.7 km.5- 1 178 
D.5 A contour plot of total intensity channel maps, 22.5 - 24.0 km.s- I 179 
D.6 A contour plot of tota.l intensity channel maps, 20.7 - 22.3 km.5- 1 180 
D.7 A contour plot of total intensity channel maps, 19.0 - 20.5 km.s- I 181 
D.8 A contour plot of tot.al intensity channel maps, 17.3 - 18.8 km.s- 1 182 
D.9 A contour plot of total intensity channel maps, 15.5 - 17.0 km.s- I 183 
D .1O A contour plot of total intensity channel maps , 13.8 - 15.3 km.s- 1 184 
D.11 A contour plot of total intensity channel maps, 12 .0 - 13.6 km,s-I 185 
D.12 A contour plot of total intensity channel maps, 10.3 - 11.8 km,s- I 186 
D.13 A contour plot of total intensity channel maps, 8.6 - I D.1 km.s- I 187 
D.14 A contour plot of total intensity channel maps, 7.5 - 8A km.s- 1 188 
E.l A contour plot of Stokes \ . channel maps, 29.4 - 30.9 km.s- I 190 
E.2 A contour plot of total intensity channel maps, 27.7 - 29.2 km.s- I 191 
E.3 A contour plot of total intelLsity channel maps, 26.0 - 27.5 km,s- I 192 
EA A contour plot of total intensity channel maps, 24.2 - 25.7 km.s- I 193 
xii 
E.5 A contour plot of total intensity channel maps, 22.5 - 24.0 km.s- 1 194 
E.G A contour plot of total intensity channel maps, 20.7 - 22.3 km.s- 1 195 
E.7 A contour plot of total intensity channel maps, 19.0 - 20.5 kn1.s- 1 196 
E.8 A contour plot of total intensity channel maps, 17.3 - 18.8 km.s- 1 197 
E.g A contour plot of total intensity channel maps, 15.5 - 17.0 km.s- 1 198 
E.I0 A contour plot of total intensity channel maps, 13.8 - 15.3 km.s- 1 199 
E.ll A contour plot of total intensity channel maps, 12.0 - 13.6 km.s- 1 200 
E.12 A contour plot of total intensity channel maps, 10.3 - 1l.8 km.s- 1 201 
E.13 A contour plot of total intensity channel maps, 8.6 - 10.1 km.s- 1 202 
E.14 A contour plot of total intensity channel maps, 7.5 - 8.4 km.s-l 203 
X lll 
Chapter 1 
Introduction 
A star leaves the main sequence when hydrogen burning in its core is exhausted. 
Aft.er spending the bulk of its lifetime on the main sequence, shell burning begins and 
the star moves ultimately to the Asymptotic Giant Branch (AGB), a region of the 
Hertzsprung-Russel diagram characterised by low temperature and high luminosity. 
Post-main sequence stellar evolution is discussed in reviews by Iben and Renzini 
(1983) and Habing (1996), and the evolution of massive stars (:1,1. ;:: 9M0 ) is discussed 
b.v Chiosi and Maeder (1986). 
Towards the end of the main sequence a star consists of a core, which is mostly 
helium wit.h a hydrogen burning center, surrounded by a large hydrogen envelope, 
or mantle. Hvdrogen shell burning takes place at. the core-mantle interface. When 
the core hydrogen burning stops the core contracts, heating the shell burning layer 
and increasing the energy output, which heat.s up the outer layers and causes them 
to expand. The star is located in the Red Giant Branch (RGB) of the Hertzsprung-
Russel at this stage. Subsequent evolution of the star is determined by its main 
sequence mass. 
As the hydrogen burning stops and the core contracts, the increased densit.y will 
cause a rise in temperature of the core and helium burning nuclear reactions will begin. 
As helium burning progresses , the same situation results with a helium burning shell 
around a carbon-oxygen core. Whether or not this carbon-oxygen core will ignite 
upon compression depends on the initial mass of the star. In low and intermediate 
mass stars (l\l. :s 5M,, ) the electron gas in the core degenerates, preventing the 
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heating required to begin further nuclear reactions. In high mass stars (M. ;::: 6l\1 ;;) 
the core is so hot that electron degeueracy never sets ill. Consequently, nuclear 
burning of elements of increasing atomic weight takes place in the core, each burning 
the product of the previous reaction and leaving an active shell around the core. This 
process ultimately leads to the production of iron in the core, followed by a Type 
II supernova (Habing, 1996). During t he shell burning stages the luminosity of a 
ma~sive star is so great that it is labelled a supergiant star. 
During the shell burning stages the star undergoes mass-loss caused by a stellar 
wind. Typical supergiants may lose up to 10- 4 M.o. of their mass in a year (Stanek 
et aI. , 1995). This mass lost by late-type stars, as well as mass lost by means of super-
nova, enriches the interstellar medium (ISM). Consequently, studies of Asympt.otic 
Giant Branch (AGB) stars and supergiant stars can reveal lUuch about the chemi-
cal content of the ISM. The heavy element content, in particular, is predominantly 
provided by mass- loss from massive stars. This information about the ISM provided 
by studies of late-type stars is required for chemical models of galaxies (Chiosi and 
Maeder, 1986). 
The extreme mass-loss rate around late-type stars creates an envel op~ of ejected 
matter around the star. T he envelope can obscure direct optical observations of the 
star, which is why these stars are somewhat enigmatic. Much has been learned about 
late-type stars from molecular line emission and dust continuum emission. Relatively 
recent developments in infrared interferometry have facilitated high resolntion im-
ages of stellar dust shells and estimates of stellar diameters (e.g. Danchi et aI. , 1994; 
Monnier et aI. , 1999b; Tevousjan et aI., 2004). Another excellent probe of t he circum-
st.ellar environment of late-type stars is maser emission. Astronomical masers were 
accidentally discovered by Weaver et al. (1965) in the OR 1665 line towards a number 
of radio sources. Since then, masers have been observed in many molecular lines and 
in a range of cosmic environments. OH, H2 0 and SiO masers in particular are often 
observed in the circumstellar envelopes of late-type stars. Excitation temperature and 
molecular distribu tion arguments predict that the OR masers lie furthest from the 
central star, SiO masers closest to the star and H20 masers between them (Elitzur, 
1992, pg 225) . 
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Because of their proximity to the star , observations of SiO masers provide infor-
mation about the complex lIear-circumstellar envelope. The compact maser features 
in an SiO emission region trace the kinematics of the nmsing region. Evidence for 
expanding envelopes, rotation, asymmetric acceleration and bipolar outflows can po-
tentially be found in maps of SiO maser emission. The magnetic field in this regiou 
can also be investigated through observations of the polarisation properties of the 
maser emission. There are a number of opeu questions about t,he magnetic fields 
around late-type stars, involving their magnitudes, origins and whether they are local 
or global in nature . 
~!aser emission is produced when the population levels of the masing molecule are 
im·erted. This results in an effective negative absorption coefficient which accounts 
for the amplification of incident radiation. A pumping mechanism is required to 
maintain the population inversion. Pumping mechanisms are generally classified as 
radiative or collisional, where the molecules are excited by absorption of radiation, or 
by collisions with other molecules in the gas. Which pumping mechanism is at work 
in SiO masers towards late-type stars is still uncertain . 
Maser emission is, by its very nature, very intense, and it is this intensity that 
makes them ideal probes of the near circumstellar environment which is obscured at 
other wavelengths by the dusty circumstellar cloud. l\1asers are also excellent probes 
due to their compact.ness and ability to sample the local conditions acco rdingly. 
Maser emission can on ly occur in regions of coherent velocity because significant 
Doppler shifting of the radiation wavelength destroys the amplification process. Con-
sequently the maser distribution is dependent not only on the general circull1stellar 
conditions, but on the detailed velocity field , which may be complex. This causes 
the masers to be located in many spatially compact features in the emission region, 
each taking advantage of local line-of-sight velocity coherence and having its own 
particular Doppler-shift relative to the line frequency (Elitzur, 1992, pg 227). This 
characteristic of maser emission can be used to extract information abont the gas ve-
locity in the masing region, especially in relatively simple regions such as the constant 
radial outflow in which 1612 MHz OH masers reside. Many single-dish spectra of OH 
masers towards OH/IR stars and other late-type stars are double peaked, implying 
radial amplification of the maser emission in an expanding gas shell. Interferometric 
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observations have confirmed this interpretation by showing compact caps of emission 
over the stellar position at the the extreme velocities. 
The SiO maser emission resides in a much more complex region of the envelope 
of the order of 101.1 em from the star. This region between the photosphere and the 
dust formation point. is sometimes termed the extended atmosphere, where stellar 
pulsations, shocks, and localised mass ejections playa large role in the velocity field. 
Very Long Baseline Interferometric (VLBI) observa tions of a number of Mira variables 
display erratic, clumpy rings of maser emission around t.he c.entral star which are due 
to the tangential amplification of these masers. 
It is only with resolution provided by "LEI that spatially resolved maps of the 
compact SiO maser components can he obtained. The Very Large Baseline Array 
(VLBA) is a dedicated VLBI array with baselines between stations in the continental 
US, Hawaii and the US Virgin islands in the Carribean. At its longest baseline, which 
is over 8000 km, the VLBA has a resolution of approximately 0.2 mas at a frequency of 
.. 3 GHz (Wrobel and Ulvestad, 2004). This resolution allows the imaging of individual 
maser features, which are ~ 1 mas in size. 
VY CMa is a supergiant and varies irregularly. It displays OH, H20 and SiO maser 
emission which has been widely observed. It is a particularly strong SiO source, with a 
wide range of detect.ed masing transitions, from the ground stat.e up to high frequency 
transitions in t he 11 = 3 and 'V = 4 states, in three isotopes (28SiO , 29SiO , 30SiO) . 
A VLBI study of the VY CMa v = 1 J = 1 - a transition of the most abundant 
isotope 2ASiO is reported in this thesis. The SiO maser emission is mapped in full 
polarisation at the high resolu tion provided by the VLBA, with the intention of inves-
t.igating the kinematic and pola.risation properties of the near-circumstellar envelope. 
The goal of this study is to derive information about the velocity field of the cir-
cumstellar envelope near to the star, which may give information about larger-scale 
mass-loss asymmetries. The polarisation of the maser emission also provides poten-
t ial information about the role of a magnetic field in this region. The total intensity 
synthesis image produced in this thesis shows an emission region of approximately 
100 x 80 mas in right ascension and declination, concentrated in the east. The emis-
sion was examined for evidence of a projected ring distribution by fitting a ring of 
radius ~ 3.2 R. to the maser spot positions. If the centre of this ring is assumed to 
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be the stellar position , then all of the SiO maser emission falls within t he inner dust 
shell radius. T he circular polarisation of the maser emission implies a magnetic field 
of ~ 4 G ill the inner circumstellar envelope. assuming a Zeeman interpretation of 
the polarisation. 
Chapter 3 out.lines the theory of VLBI spectropolarimetry, in preparation for 
Chapter 4, in which t.he details of the data reduction procedure are presented. Chap-
ter 2 is a review of the literature relevant to the target source, VY CMa. Finally, 
Chapter 5 presents the results of the VLB! ob3ervations and Chapter 6 provides an 
analysis of these results. 
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Chapter 2 
A Review of the literature 
2.1 Introduction 
This chapter presents review of the published literature relevant to VY CMa. The 
basic physical properties of the star are discussed in Section 2.2. Subsequent sections 
provide a description of published observations at optical, infrared and radio wave-
lengths. The hydroxyl and water maser emission is discussed in Sections 2.6 and 2. 7. 
The silicon monoxide maser emission is described in det.ail in Section 2.8. Finally the 
circumstellar environment and the magnetic field are discussed in Section 2.9. 
2.2 Physical properties and classification 
VY Canis Majoris, or \'Y CMa, is situated at right ascension 07 22 58.33, declination 
-25 46 03.2 (J2000) (Perryman et a!., 1997). It is a supergiant. star located in 
Sharpless 310, a HII region of diamet.er about. 5° (Moran et aI., 1973). The star is 
embedded in a red nebula which was first observed by Perrine (1923). 
VY CMa is a highly luminous, variable M-type star. Its published spectral 
and luminosity classification has variously been given as :\14e (Joy, 1942), :\150 Ia 
(Humphreys, 1974) and M5e Ibp (Samus et a!., 200-1). Hyland et al. (1969) give an 
infrared classification of i\13-6 Ib for VY CMa. Lada and Reid (1978) determined a 
luminosity of 5.6 x 10'; L"" implying a very massive star. More recently Le Sidaner 
and Le Bartre (1996) found a luminosity of ~ 9 x 105 L0 bv modeling the mid-infrared 
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Distance l\lethod Reference 
[pc] 
1500 Associated objects 1 
1500 ± 500 Associated objects 2 
1350 ± 150 Star-connt m~thods 3 
1900 OH phase lag 4 
1400 ± 140 H20 proper motion 5 
2860 Galactic rotation 6 
1500 Median 
Table 2.1: The distance to VY CMa, "" determined using different techniques. The med ian 
value is given in the bottom row. 
R(·ferences: 
I. Herbigund Zappala (1970), 2. Ladaand Reid (1978), 3. Arrnandroffand Herbst (1981), 4. Herman 
and Habing (1985), 5. Marvel (1996), 6. Yuosa ct aJ. (1999) 
emission using a spherical model. Monnier et a!. (1999b) derived a much smaller lu-
minosity range of 1.7 x 105 L ~, to 3 X 105 L,. without making assumptions about the 
dust shell geometry. Monnier et a!. (1999b) suggest that the difference between the 
latter two luminosit.y values may b~ due to the spherically symmetric model used by 
Le Sidaner and Le Bertre (1996). Molecular-band strengths imply a surface temper-
ature of 2500° - 30000 K (Hyland et a!., 1969). This low temperature and the high 
luminosit.y of VY CMa places the star in the upper right region of the Hertzsprung-
Russel diagram. The General Catalogue of "ariable Stars, 3rd ed. (Kukarkin et a!. , 
1971) designates VY C:'1a as an Lc variable, which is an irregular variable supergiant 
of late spectral type. 
2.2.1 Distance 
A number of estimates of the distance to VY CMa are summarised in Table 2.1. Early 
estimates by Herbig and Zappala (1970) and Lada and Reid (1978) base their distance 
of 1500 pc on the star's association with T CMa and the cluster :\GC 2362. Most 
other methods have given similar distances, as seen in the table. Yuasa et a!. (1999) 
used a galactic rotation modd, coupled "~th the radial velocity value and infrared 
observations, to find a rather large distance of 2860 pc. 
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D. Method Reference 
[mas) 
19.0 Mid-infrared interferometry 1 
22 .0 ~!lid-infrared interferometry 1 
40 Luminosity 2 
< 20 Near-infrared aperture masking interferometry 3 
20.0 Mid-infrared interferometry 4 
18.7 Nea.r-infrared interferometry 5 
20 Median 
Table 2.2: The steUar diameter D. as determined using different techniques. The median 
value is given in the bottom row. 
References: 
1. DllllChi at. aL (1994), 2. Kastner alld Weintraub (1 998), 3. MOlllliar et a!. (1999b), 4. MOlllli", 
ot aI. (2000a), 5. MOllnier at al. (2004) 
2.2.2 Radius 
Kastner and Weintraub (1998) estimated the radius of the central star using the 
luminosity observed by Lada and Reid (1978), ~ 5 X 105 L,z" and assuming a distance 
of 1.5 kpc. This method gives a linear radius of approximately 3 x 103 R ,_ , which 
translates to an angular radius of 20 mas. i\lodel fits to near-infrared visibility data 
from the Keck I telescope imply that the diameter of the central star is smaller 
than 20 ma.s (Monnier et aI. , 1999b). Monnier et al. (2004) fitted uniform disks to 
near-infrared K band IOTA data, giving an apparent diameter of 18.7 mas in this 
wavelength band. This diameter is not corrected for the effect of limb darkening so 
it is expected to be smaller than the actual stellar diameter. Mid-infrared emission is 
less effected by limb darkening. The mid-infrared model produced by Monnier et al. 
(2000a) used a stellar radius of 10 mas. Dust, shell models fitted to 11 I'm visibility 
data indicate stellar radii of 9.5 ma.s and 11 lIlas (Danchi et aI., 1994). The model 
does not produce good fits to IRAS spectra. This is probably because the mod(·~ l 
a.SSllmes the shell is spherically symmetric, which is too simple an approximation 
for the complex features in the dust. cloud around VY Cl\la. A number of VY C!vla 
diameter estimates are shown in Table 2.2. A Jlominal diameter of 20 mas is consistent 
with most of these values. 
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2.2 .3 Systematic and expansion velocities 
The VY eMa stellar velocity and circumstellar expansion velocities have been mea-
sured by numerous authors using a variety of spectral lines. A list of some observed 
valu~s is given in Table 2.3. The different molecular transitions may sample different 
radii from the star and thus may give different estimates of expansion velocity. The 
systemic velocities should be similar un less there are asymmetries in the circumstellar 
em·elope, which there very possibly are. 
One method of finding these velocity values is to fit a parabola to the thermal SiO 
emission spectrum. If the emission is assumed to originate in a uniformly expanding 
envelope, the stellar velocity is the central velocity of the symmetric spectral profile, 
and the expansion velocity is derived from the profile width. The velocities derived 
from several thermal SiO lines arc shown in Table 2.3. Snyder et a!. (1986) used the 
weak SiO maser pedestal to estimate a stellar velocity of approximately 21 km.s- '. 
They do not derive an expansion velocity from the pedestal because its velocity range 
is much less than twice the expansion velocity determined by other methods (Snyder 
et a!. , 1986) . 
Another method makes use of the double-peaked OH maser spectrum desc:ribed 
in Section 2.6. The mean velocity of the outer peaks of the OH maser emission is 
a good measure of the stellar velocity. The expansion velocity is derived from the 
01-1 maser spectra by taking half of the total velocity width of the spectrum. Bowers 
et a!. (1983) Ilsed OH measurements to find a stellar veloCity of 21.1 km.s- I and an 
expansion velocity of 38.9 km.s- I. 
Richards et a!. (1998) derive an outer velocity limit from VLBI observations of 
H20 masers. T hey use velocity features most distant from the star to find a value of 
35.5 km.s- '. They also determine a proper motion expansion velocity of 31.7 km.s- I 
by performing a least squares fit of the increase in distance of a maser feature from 
the star between the two epochs of observations, versus the initial distance of that 
feature from the star. 
Spectra of other molecular lines in the circumstellar envelope can also be used to 
find the stellar and expansion velocities. Several eo spec.tra have been used to this 
end (Stanek et a!. , 1995; Zuckerman and Dyck, 1986; Nyman et a!., 1992) as well as 
the I-IeN(I-0) spectrum (Nercessian et a I. , 1989). Sub-millimeter observat.ions of SO 
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'V. v, Method Reference 
[km.s- 1] [km.s- I ] 
17.6 ± l.5 36.7 ± 2.0 Thermal SiO v=O J -2-1 1 
22.3 ± 2.3 32.3 ± 2.4 Thermal SiO v=Q .1=2 -1 2 
17.9 ± 2.1 33.2 ± 2.1 Therma1 SiO v=O J =3 - 2 2 
21.1 38.9 Oll masers single dish 3 
21 SiO maser pedestal 4 
1S.7 35.9 CO(2-1) emission 5 
16.0 32 HCN(I-0) emission 6 
19.5 43 Millimeter SO 7 
38.3 Thermal SiO v=O J =5 - 4 7 
2.1.2 30.8 CO(I-0) emission 8 
17.6 32.6 CO(3-2) emission 9 
35.5 ± 3.0 H20 masers, \,LBI 10 
31.7 ± 2.5 11,0 masers, VLBI proper motion 10 
20 25 Near-infrared H2O 11 
25 20 Millimeter H2 O 12 
19.75 32.9 Median 
Table 2.3: Published stellar velocities, ',,,, and expansion velocities, v" determined 
from different transitions. T he median values are given in the bottom row. 
Referencct-3: 
1. Reid and Dickinson (1976), 2. Wolff and Carlson (1982), 3. Bowers et aJ. (1983), ,I. Snyder et "I. 
(1986) , 5. Zuckerrnllll and Dyck (1986) , 6. Nercessian et aJ. (1989), 7. Salmi and Wannier (1992), 
8. Nyman et al. (1992), 9. Stanek et al. (1995), 10. Richards et aJ . (1998), 11. Neufeld ct. al. (1999), 
12. Harwit and Bergin (2002) 
provide a stellar velocity of 19.5 kn1.s- 1 and a ll expansion velocity of 43 km.s- I (Salmi 
and Wannier, 1992). The far-infmred H2 0 lines observed by Nenfeld et a t. (1999) have 
central velocities ranging from 18 to 22 km.s- I and are best fit with an ontflow velocity 
of 25 km,s - I. T his outflow velocity is significantly lower than the values obtained by 
other methods, whieh range from about 30 to 40 km.s- 1 ~li llimeter observations of 
ortho-water are centred on a velocity of 25 km.s- I , and models of this data give an 
outflow velocity of 20 km.s- I (llarwit and Bergin, 2002), also low compared to the 
majority of t he values in Table 2.3. 
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2.2.4 Mass-loss rate 
The mass-loss rate of VY CMa is high, typical of a supergiant star. When stars reach 
the AGB their mass- loss rates increase by several orders of magnitude. A number of 
methods have been employed to find the mass-loss rate of VY CMa. Some published 
values of the mass- loss rate are shown in Table 2.4. 
T he mass-loss can be estimated from model fits of the infrared observations, as-
suming the velocity and mass-loss rate to be constaut and spherically symmetric (Jura 
and Kleinmann , 1990; Danchi et aI. , 1994). Marshall et al. (1992) find a mass-loss 
rate of 62 x 10- 6 ~l ". yC ' by combining mid- and far-infrared data, though their 
model does not fit the data well. The infrared continuum spectrum was used by 
Harwit et al. (20(11) to estimate the mass-loss rate. The mass-loss rate can also be 
derived from t he OH maser shell radius (Bowers et aI., 1983). T his estimate is not 
. very accurate because of the large uncertainty in the \'alue of the shell radius, and 
because the VY CMa circumstellar cloud does not appear to be spherically symmetric 
(Bowers et. aI., 1983). The deviation from spherical symmetry is also a problem for 
submillimeter derivations of the mass-loss rate (Jura and Kleinmann, 1990). Optical 
and mid-infrared observations of the nebula by Smith et al. (2001) yield a mass- loss 
rate of approximately 3 x 10- 4 Me') yr- 1 
Zuckerman and Dyck (1986) and Stanek et al. (1995) estimated the mass-loss rate 
from a model of the CO(2-1) and CO(3-2) emission respectively. They both used 
distances of 1.5 kpc to VY CMa. Models of the CO(1-0) line (Loup et a!., 1993) give 
a low mass-loss rate of 4.4 x 10- 6 M 0 yr - 1, assuming a distance of 600 pc. Zuckerman 
and Dyck (1986) , Stanek et a!. (1995) and Loup et a!. (1993) base their calcu lations 
on the models of Knapp and ~Iorris (1985). The significant differences in their results 
are due to the different distances used , as well as to modifications made to the model 
by Loup et al. (1993) to use a different CO envelope size to that used ill the original 
model. Knapp and Morris (1985) note the large uncertainties in mass-loss values 
calculated in this manner, which may be uncertain by a factor of ten. Even taking 
this into account, the value reported by Loup et al. (1993) is well below the median. 
Humphreys et al. (2005) have suggested that the high observed mass-loss rate for 
VY CMa is actually due to the combined effect of multiple localised high mass-loss 
even ts, evidenced by arcs and loops in the envelope, combined wit.h gas escaping from 
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M Wavelength band Reference 
[10- 4 M0 yr-1j 
2.3 OH masers 1 
1 CO(2-1) 2 
1 Infrared 3 
0.62 Submillimeter 4 
0.044 CO (1-0) 5 
3.1 Infrared 6 
3.5 CO(3-2) 7 
-I Infrared spectrum 8 
3 Optical and mid-infrared 9 
l.65 Median 
Table 2.4: Mass-loss M determined in a number of ways. T he median value is given 
in the bottom row. 
RefcreIlC(,S: 
1. Bowers et al. (1983), 2. Zuckerman and Dyck (1986), 3. Jura and K]"illlnarm (1 990), 4. Marshall 
ct al. (1 992), 5. Loup ct. al. (1993), 6. Dallchi et aI. (1994) , 7. Stanek ct al. (1995),8. Harwit et aI. 
(2001), 9. Smith et al. (2001) 
low density regions of the envelope. 
2.2.5 Inner dust shell radius 
Several estimates of the inner dust shell radius have been published, based on mid-
infrared models. Le Sidaner and Le Bertre (1996) estimate au inner dust shell radius 
of approximately 1200 x 10- 6 pc, or ~ 160 mas at a distance of l.5 kpc. They 
note that their VY CMa model fit is not particularly satisfactory. :\lonnier et al. 
(2000a) find a value of 50 mas and Danchi et aI. (1994) a value of 40 to 50 mas for 
optical minimum and maximum, which correspond to stellar radii of 9.5 and 10 R. 
respectively. ~lonnier et al. (2004) produced a dust shell model of K-band data, for 
which they use an inner dust shell radius of 65 mas. Table 2.5 lists these estimates 
of the inner dust shell radius. 
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Rdusl Reference 
[mas] 
40-50 1 
160 2 
50 3 
65 4 
50 Median 
Table 2.5: Published estimates of the inner dust shell radius Rdu," The mediau value is 
gi yen in the bottonl row. 
Rcff'renct's: 
1. Danchi ct at (1994), 2. Le Sid.ner and Le Bertre (1996), 3. Monnier ct a1. (2000,,), 4. Monnier 
(,t. a1. (2004) 
2,2.6 Evolutionary status 
Although VY CMa is currently accepted to be a late-type star, some early observers 
identified it as a protostar. Herbig and Zappala (1970) noted that VY C",1a is em-
bedded in the same nebula that contains T C~1a and the cluster NGC 2362, which 
they interpreted as evidence that VY CMa is a young star. 
However, the 1612 :l,lHz OH line present in the spectrum points to VY CMa being 
an evolved star, as similar emission lines are associated with Mira-type variables. The 
vibration-rotation bands of CO present in the infrared spectrum of VY CMa are also 
characteristic of a late M-type supergiant (Hyland et a!., 1972). The position of 
VY CMa on the Hertzsprung-Hussel diagram is that of a ~ 10 ::VI" star which has 
evolved off the main sequence (Hyland et a!. , 1969). Other estimates of the stellar 
mass bave been derived from positions on the Hertzsprung-Hussel diagram. de .Jager 
(1980, pg 293) estimate a lIlasS of 20 1\1o , and Wittkowski et a!. (1998) find a mass 
of between 30 and 40 M",. The high luminosity and mass-loss rate displayed by the 
star support its cla.&~ ification as a supergiant, 
The exact evolutionary state of the late-type star VY (,,,,1a is sti ll a matter of 
research. VY CMa could be beginning to expel its envelope, or it could be creating 
a thick cocoon of dust and gas, similar to those observed around optically obscured 
carbon and :-'I-star neal' the top of the AGE (Smith et a!. , 2001). Chiosi andll.laeder 
(1986) proposed that red supergiants with initial mass of between 20 M0 and 60 M", 
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develop int.o Wolf-Rayet stars through mass-loss. VY CMa may be in the process of 
evolving from its red supergiant stage to become a Wolf-Rayet star. This possibility 
is supported by the high mass-loss rate of VY Civla (Wittkowski et aI., 1998). It has 
also been suggested that VY CMa may be the progenitor of a st,ar such as IRC +10420 
(Smith et aI., 2001 ; Fransson et aI. , 2002), which is thought to be transitioning between 
the red supergiant and Wolf-Rayet stages (Fransson et aI., 2002). If the envelope of 
VY Cl\la is disk-like, this could be. the basis for bipolar outflows in later stages 
of evolution, such as are observed around IRC +10·120. Type lIn supernovas are 
probably the end point of stars like VY CilIa and IRC +10420 (Fransson et aI. , 
2002). 
2.3 Optical observations 
Less than 1% of the measured luminosity from VY CMa is emitted in the optical 
region (Hyland et aI. , 1969). The striking optical nebula surrounding VY Cl\la is 
about 8 x 12 arcseconds ill size with a tail extending to the east (Perrine, 1923). 
Early optical observations reported a pair of bright central stars in the reflection 
nebula, and a number of other variable bright features in the nebula, which may 
have been stars or knots (Wallerstf'in, 1958). Later optical evidence indicated that 
the bright features were condensations in the nebulosity (Feast, 1970; Worley, 1972). 
Observations by Herbig (1972) in the 6500A region showed the nebula to be highly 
radially polarised. The knots in the nebula displayed the same radial polarisation as 
the background nebula, implying that they were not stars. The close companion which 
had put VY C~la in binary star catalogues was not visible. Wallerstein (1978) also 
argued that the potential binary companion is not a star, based on the unreasonably 
high mass implied by the supposed binary period, and synchronous variations in 
luminosity of the companions. Herbig (1972) tabulated the positions of six bright 
features he observed, labelling them A through F, where A is the central star. 
Hubble Space Telescope (HST) images by Kastner and Weintraub (1998) at 3-l60A 
and 5500A show a bright core near to the eastern edge of the large reflection nebula. 
The nebula is clump)" asymmetric and elongated. The optical light received from the 
core is due to scattering rather than direct emission from the stellar phot.osphere. The 
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radius of the core region is approximately 100 mas. Kastner and Weintraub (1998) 
suggested that VY Cl\[a itself lies to the northeast of the core, obscured by a dusty 
envelope. Smith et al. (2001) used the HST to obtain images of VY CMa at differ-
ent wavelengths to Kastner and Weintraub (1998), 4090.1A, 5476.3A, 6563.7A alld 
10183.5A. T hese images are also complex, and do not show any clear axisynimet,ry. 
The brightest nebulosity is located southwest of the star. The Smith et aI. (2001) 
images feature reflection arcs, bright condensations and knots. Compact knots, of 
the order of 0.07 arcseconds, and thin filamentary structures are also visible around 
the star (Smith et aI., 2001). 
The optical spectrum of VY C!vla displays emission lines of T iO, ScO, the reso-
nance lines of NaI, ](I, RbI and the intercombination line of Cal at 6572A (Wallerstein, 
1978). In later observations by Wallersteill (1986) the optical spectrum had under-
gone some changes. Absorptiou lines that had been measurable in the 1960s and 70s 
between 5200A and 5500A region were depressed, the molecular emission was rais'ld 
and new neutral line emission was observed. 
Wright et al. (1990) note that the inferred optical position of VY CMa is not in 
good agreement with the SiO, OH and H20 maser positions. They suggest that this 
may be due to confusion between knots or extinction in the nebula. Using the table 
of Herbig (1972), if the optical position is associated with component A, the masers 
would be close to component F, 1.1 arcseconds removed from the optical position 
(Wright et aI., 1990). 
At visible wavelengths the amplitude of VY CI\la varies irregularly. It can range 
from a few tenths of a magnitude to three magnitudes on the timescale of months 
(:\lartinez et aI. , 1988). A possible explanation of this is a patchy dust cloud closely 
surrounding the central star. This inner dust cloud allows beams of light from the star 
to illuminate an outer cloud through the holes. This would account for the irregular 
optical variations (Wallerstein, 1978). Long-term AAVSO observations show a clear 
periodicity of approximately 1500 days (Sudol et aI. , 1999; Pardo et aI., 2004) . 
YI" C:\la displays 18.3, 15.0 and 12.2% linear polarisation in the U, B and V bands 
respectively (Serkowski, 1969) and up to 30'7c linear polarisation ill the 0.36 - 0.94 
f.1m range (Shawl, 1969). The degree of linear polarisation is strongly dependant on 
the wa,'elength of the observation, with increasing polarisation at longer wavelengths 
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(Serkowski, 1969; Shawl, 1969). Oyck et al. (1971) observed a 1·1.3 ± 0.8% linear 
polarisation towards VY CilIa, averaging the B and V band data. Serkowski (1969) 
argned that the polarisation is due t.o scattering by circumstellar dust. 
2.4 Infrared observations 
In the late stages of stellar evolution the mass-loss process plays a large role in the 
development of a star, creating an envelope of dust and gas. Infrared emission is 
observed in the form of molecular lines and continuum emission from dust in the 
envelopes of such stars (Stanek et aI. , 1995). 
VY C~1a was found to be an exceptionally bright 211 source on the Cal tech 2/l Sky 
Survey (Nengebauer and Leighton, 1969). :Vlore than 75% of its measured luminosity 
is at wavelengths longer than 311m. It is one of the brightest sources in the sky at 
wavelengths longer t.hen 511111 (Hyland et aI. , 1969). The infrared energy distribution 
of VY CMa is non-Plankian , and displays radiation excess over the infrared region 
beyond 2-311m (Gehrz, 1972). This excess is caused by the thermal emission from the 
circumstellar dust which is heated by the star (Herbig and Zappala, 1970). 
VY CMa was included in a mid-infrared spectral variability study performed by 
Monnier et al. (1998) and found to show no significant changes over the four year 
period of the observations. 
Gehrels (1972) detected a small degree of circular polarisation in the infrared 
emission towards VY CMa. Forbes (1971) observed linear polarisation in t he J, H, K 
and L bands, where the highest polarisation of over 4% was observed in the H banel. 
The star was observed daily for five days, and the polarisation from the nebula found 
to be constant, while the position angle of the polarisation varied. Forbes (1971) 
proposed that this is due to changing particle orientation. Hashimoto et al. (1970) 
also observed greater linear polarisation in the H band than the K band. The infrared 
polarisation may be canspd by scattering, by dust particles aliglwd by a magnetic field 
or by non-spherical dnst particles aligned by outflow (Hashimoto et aI. , 1970). 
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Figure 2.1: Image of VY eMu observed at l.65 I"Ill ill December 1997 by Monnier et a1. 
(1999b). 
2.4.1 Infrared continuum images 
Diffraction-limited speckle-masking interferometry of VY C~la was performed by 
Wittkowski et aI. (1998) at near-infrared wavelengths. Their images show a non-
spherical envelope around VY CMa. Gaussian fits to the circumstellar envelope were 
performed, with FWHM of 60 x 83 m,~~ , 80 x 116 mas and 138 x 205 mas at 0.8 /lm, 
1.28 /l m and 2.17 /lm. These images have resolutions of 46 mas, 73 mas and 124 mas 
respectively. 
T he higher resolution Keck near-infrared aperture masking interferometry maps 
of Monnier et at. (1999b) show definite one sided emission at 1.65 /lm , 2.26 11m and 
3.08 /lm. Figure 2.1 is a 1.65 11m map that shows the emission extending south of 
the core, while the north and northeast is a lmost devoid of emissioll. This pattern 
is present in the 2.26 pm and 3.08 /lm images too. The polarisation angles give a 
possible 170° axis of symmetry for the near-infrared emission. The images all show 
a bright knot of emission at a position angle of 155°, about 65 mas from the core 
(~1ou nier et aI., 1999b). Monnier et at. (2004) published K-balld images of VY Cl\la 
using Keck aperture masking and the Infrared-Optical Telescope Array (IOTA). The 
addition of the IOTA data provides a resolution of approximately 20 mas , even higher 
than that of the original Keck images. These imagps also show the dnst shell to be 
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Figure 2.2: Image of VY CMa in the K-band, taken from Cruzalcbcs ct al. (1998). 
highly asymmetric, with something of an arc to the south of the star. 
Cruzalebes et al. (1998) used the European Southern Obsermtory 3.6 m telescope 
at 2.2 11m to detect a clump of emission approximately l.3 arcseconds southwest of 
the star, at position angle of 216'. An adaptive optics system wa.~ used to obtain 
the image, which is shown in Figure 2.2. The southwestern feature has a diameter of 
approximately 0.9 arcscconds. Monnier et al. (1999b) confirm the detection of this 
feature at l.25 /lm with the same telescope, using both the SHARPII+ and CO~IIC 
cameras. They report that the structure is almost two orders of magnitude brighter 
than other circumstellar features. 
Spatial heterodyne interferometric data at 1l.106 11m were fitted to a circu lar 
model of uniform brightness to yield a diameter of 600 mas (Sutton et aI., 1977) . 
The fit was not good however, and Sutton et al. (1977) rejected the circular model 
as an explanation of the ohsen-ations. Monnier et al. (2000a) also fitted a spherically 
symmetric model to mid-infrared interferometric images of VY CMa at 11.15 ftm. 
The model is considered to be a rough approximation to the true dust distribution, 
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which may be asymmetric or time variable. An inner radius of 50 mas was found 
for the mid-infrared emis~ ion region (Monnier et al. , 2000a). Mid-infrared images at 
4.7 /1m, 8.4 11m and 9.7 11m produced by Smith et a1. (2001) show the dust distribut ion 
to be elongated in a roughly east-west direction. 
2.4.2 Molecular infrared emission 
A number of molecules have been detected towards VY C1\la in the infrared. Kem-
per et a1. (2003) observed CO(2-1), CO(3-2) , CO(6-5 ), and CO(7-6) lines towards 
VY C'\'1a. Out of a sample of approximately twenty asymptotic giant branch stars 
and red supergiants, t hey found that only in VY CMa do the CO line strengths in-
crease for higher rotational t ransitions. The profi les of the higher transi tions lines are 
significantly different to the lower transition lirms . 
The strength of the H20 band indicates that VY C1\la is an oxygen rich star 
(Hyland et aI. , 1972). Neufeld et a1. (1999) used the Infrared Space Observatory to 
detect many far-infrared water vapour rotational transitions towards VY CMa. They 
also detected an OH absorption feature, which probably arises in a shell around the 
central star where the outflowing H20 is photodissociated by interstellar radiation. 
The H20 lines appear to originate in a region where the outflow has almost reached 
the terminal velocity. 
Ammonia absorption lines have also been observed towards VY C'\'la (McLaren 
and Betz, 1980). The velocity range of the ammonia features is almost t he same 
as the blueshifted 1612 MHz OH line. Interferometric studies of ammonia around 
VY CMa were made by Monnier et al. (2000 b). 
Detections of HCN J = 1 - 0 and H"'CN J = 1 - 0 have been reported towards 
VY C:V1a, which is unusual for an oxygen-rich circumstellar envelope (Nercessian 
et aI., 1989). 
Gillett et al. (1970) observed a broad absorpt ion feature between ,\ "" 7.711m and 
,\ "" 91,m. They attribute this feature to SiO molecules in the extended atmosphere 
of VY CilIa. Further infrared observations, however, indicate that this depression 
is too deep to be due to SiO absorption. The depression observed has a depth of 
about 30%, whereas a. silicon absorption band should only depress the continuum by 
about 5'/0 (Geballe et aI. , 1979) . The silicate emission feature at 9. 711m observed by 
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!-.Ierrill and Stein (1976) is nearly flat in more recent spectra observed by :-,jonnier 
et al. (1998). Monnier et al. (1999a) suggest that the long-term variability of this 
feature may be due to changing chemical abundances in the envelope. Geballe et al. 
(1979) observed a number of 28SiO, 29SiO and 30SiO infrared lines towards \,Y C:Vla. 
The observat.ions show the infrared SiO emission to be located about 150 mas from 
the star. 
2.5 Radio and sub-mm observations 
The radio continuum emission catalogue of Wendker (1995) includes observations of 
VY CMa in the 1449 MHz to 394 GHz range, with a maximum flux of almost 3 Jy 
for the 394 GHz observation. Knapp et al. (1995) performed 3.6 em interferometric 
observations of the continuum emission towards VY CMa at. a level too weak to be 
due to an HII region and too strong to be thermal emission from the stellar photo-
sphere. They suggest that this emission may be due to dust, or a partially ionized 
photosphere. Shinnaga et al. (2004) report Submillimeter Array (SMA) interfero-
metric measurements of the continuum radiation at 216 GlIz to be 270 ± 40 mJy, at. 
301 GHz, 340 ± 10 mJy, and at 658 GHz to be 7.8 ± 2.6 Jy. They claim that this 
continuum emission is from dust., with a fraction contributed by the star (Shinnaga 
et aI., 20(4). 
Many thermal radio and sub-millimeter lines have been observed towards VY CMa 
and are summarised in Table 2.6. The v = 0 J = 1 - 0 SiO line was imaged with the 
VLA and appears to have a bipolar structure (S hinnaga et aI., 2003). The emission 
displayed high linear polarisation aligned with the proposed northeast - southwest 
polar axis, which may imply that the linear polarisation is linked to the outflow 
(Shinnaga et aI., 2003). 
VY CMa is a strong OU, H20 and SiO maser source. The relative sizes and 
distributions of the emission regions for each of these species is shown in Figure 
2.3. The published observations of each of these masing species are discussed in the 
following sections. 
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Radio line Reference 
SO 22 - 1, 1 
SO 6; - 5-1 2 
80 88 - 77 2 
802 3,,3 - 20,2 1 
S02 10\,9 - 100.10 1 
S02 100,10 - 10\ ,9 1 
CO(1-0) 3 
CO(2-1) 4 
CO(3-2) 5 
SiOv = 0.! = 1 - 0 6 
8iO v= O ,] =2-1 7 
8iO 1,= 0 .! = 3 -2 7 
SiO v=O J =5-4 2 
29SiO v= O.!= 8-7 8 
C8(5-4) 9 
CN(2-1) 10 
H2O+ 11 
H2S 1),0 - 10., 1 
Table 2.6: Thermal radio and sub-millimeter lines observed towards VY OMa. 
ReferenceH: 
1. Omant et al. (1993),2. Sahai IU ld Wunnier (1992), 3. Nyman et al. (1992),4. Zuckerman and Dyck 
(1986), 5. Stanek et al. (1995),6. Shiuuaga at al. (2003) , 7. Wolff and Carlsou (1982), 8. (Gonzalez-
Alfonso at. aI. , 1996) , 9. Bujarrabal ct aI. (1994), 10. Bacbillcr at.l. (1997), 11. Phillips rt 01. (1992) 
2.6 OH masers 
VY CilIa has been classified as a type IIb on source (Turner, 1970). Type IIb sources 
are characterised by the 1667 MHz and 1665 MHz OH main lines and the 1612 lIlHz 
satellite line found in emission, and the 1720 MHz satellite line in absorption. T he 
1612 MHz line is the strongest of the emission lines. This class of 01-1 source is 
generally associated with IR stars. 
2.6, 1 OH masers at 1612 MHz 
Single-dish spectra of OH 1612 MHz satellite line masers towards \,Y CMa display 
the double peaked profile typical of late-type stars. The two peaks are indicative of an 
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OH l6l2 MHz 
......,2.5'· 
Figure 2.3: Sketch of the OH, H20 and SiO maser distributions, based on observations 
discussed in Sections 2.6, 2.7 and 2.8. 
expanding envelope. They are created by maser emission from the near and far s id~s 
of the stellar envelope, where the velocity coherence is gTeatest (Cohen, 1987). T he 
1612 MHz OH spectra also show a great. deal of fine structure. They undergo large 
flu x changes on the time scale of days, but show hardly any long term variation. The 
dramatic short term variations are probably caused by small maser hotspots which 
are not fully saturated (Herman and Habing, 1985). Fourier analysis of the strongest 
feature in the 1612 ~ IHz spectrum observed by Herman and Habing (1985) disp lays 
a main period of about 1000 days, an intermediate t ime scale of about 180 days, and 
short term variations on a scale of less than two days. 
Early intetferometric studies by Masheder et al. (1974) show the 1612 MHz masing 
region to extend 2.2 x 1.4 arc:seconds with a major axis at 1580 • Interferomet.ric maps 
by Moran et al. (1977) show an emission region of 2.5 arcseconds across, with maser 
spots of approximately 0.06 arcseconds in size. The general features of this map 
match those of \1asheder et aI. (1974), but the details of individual maser spots do 
not match well. Both ~1asheder et al. (1974) and Moran et al. (1977) assumed a 
single component model for each channel of their observations. This assumption is 
in fact not true for the 1612 MHz line of VY CMa, which displays a very complex 
spectrum (Reid and Muhleman, 1978). Reid and Muhleman (1978) used a method of 
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Fourier inversion and cleaning to avoid this assumption. They prodnced YLBI maps 
which were also slightly elongated and have a diameter of approximately 2 arcseconds . 
.\Iost of the maser components were unresolved or partially resolved by the baseline 
lengths used, putting an upper limit, of 0.03 arcseconds on the maser spot size. Reid 
and :\luhleman (1978) note that their map would match the Masheder et a1. (1974) 
1612 MHz maser map well if the right ascension and declination axes were reversed , 
which they attribu te to a sign error in the Masheder et a1. (1974) data. Reid et a.1. 
(1981) observed the OH maser emission with the VLA. He found the diameter of the 
1612 MHz maser region to be about 1.6 arcseconds. Bowers et a.1. (1981) found the 
angular size of the 1612 MHz emission region to be about 2.5 x 1.4 arcseconds across, 
using the VLA. The geometry of these maps is discussed in Bowers et aI. (1983) , 
where it is noted that the maser distribution displays a north-south elongation , and 
shows a spatial offset between the extreme blueshifted and redshifted maser clusters. 
The maps also show evidence of symmetry between low and high velocity emission , 
equidistant from the stellar velocity. 
2.6.2 Main line Oll masers 
Single dish spectra of the 1667 MHz line display a wide emission plateau with maser 
lines superimposed on the blue side of the spectrum (:\10rris and Bowers, 1980) . The 
plateau emission changes very little with time and resembles the nOIl-masing SiO 
ground state emission. This indicates that the 1667 MHz OH emission plateau may 
arise in the same region as the non-masing SiO emission, which is in the extended 
region where the gas around the star is at terminal velocity. The 1667 :\lHz plateau 
stayed constant over three observations separated by about six months (Morris and 
Bowers, 1980). The spectrum contains an intense, conspicuous feature at -2 .1 km.s- I. 
This component has varied from 80'/0 right hand circular polarisation in 1969, to 
1000/, left hand circular in 1976, remaining entirely left hand circular throughout the 
observing periods of Benson and !lIutel (1982). The 1665 l\,IHz emission displays a 
more irregular and compact plateau, where the most intense maser lines are again 
blueshifted (Morris and Bowers, 1980). 
Reid and Muhleman (1978) produced VLBI maps of the 1665 MHz and 1667 MHz 
OH emission. The 1667 IVIHz map had a diameter of approximately 250 mas and the 
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1665 l\lHz map has a diameter of approximately 350 mas and both maser distri-
butions are elongated with a position angle of roughly 60°. High resolution VLI3I 
images of the 1665 111Hz and 1667 MHz OH transitions display clouds of ma~ers of 
about the same size as the Reid and T\1uhleman (1978) images (Benson and T\[utel, 
1982). The 1665 MHz maser region is approximately 300 x 200 mas in right ascen-
sion and declination , extending in a northeast - southwest direction. The emission is 
concentrated to the southwest of this region in a 200 x 100 mas area. None of the 
components ill this map were completely unresolved, giving a minimnm size of 5 mas 
for an individual maser component . The 1667 MHz maser region is approximately 
the same size as that of the Reid and Muhleman (1978) map. It is elongated along a 
position angle of about 85°, which differs somewhat from the direction of elongation 
of the Reid and Mil hie man (1978) map. 
The first observations of H20 masers towards VY CMa were made by Knowles et al. 
(1969) of the 616 - 5">3 rotational transition of ortho-H20, which has a rest frequency 
in the 22 GHz band. Single dish spectra of these H2 0 masers typically consist of a 
strong central component, flanked by two weaker components. 
T he H20 22 GHz masers arollndlate-type stars are generally thought to be colli-
sionally pumped (Deguchi, 1977; Cooke and Elitzur, 1985). They appear to be located 
in a thick accelerating shell (Richards et aI. , 1998). 
2.7.1 Interferometric observations 
The H20 masers require higher ~xcitation temperatur~s than OH masers, and are 
consequently located closer to the star (:"Ioran et aI., 1979). VLBl observations made 
by R.osen et al. (1978) yield a diameter of 200 mas for the 1-1,0 ma~ing region, which 
is approximately one tenth of the diameter of the OH maser region. The 1-12 0 maser 
emission consists of individual masing components of around 2.5 mas in size. Bowers 
et al. (1993) performed 22 GI-Iz VLA observations of \,Y CMa. Emission was detected 
throughout the 0.6 - 41.7 km.s- 1 velocity range of the observations. This velocity 
range does not cover the entire range of previously observed velocities. Their map 
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is complex, with over three hundred individual maser features detected. The most 
pxtreme blueshifted spots are clustered in one region, while the extreme redshifted 
spots are clustered in two separate regions, about 150 mas apart. The entire H2 0 
maser region covered about 600x 500 mas in right, ascension and declination . MERLIN 
observations by Yates and Cohen (1994) also show a masing region of approximately 
400 mas. The emission shows a decrease in intensity with distance from the star. 
Marvel (1996) observed the H20 masers with the VLA and VLBA. His images 
show emission over nearly 600 mas, elongated in a northeast - southwest direction. 
Further observations by Richards et al. (1998) were made using the npgraded 
MERLIN array. The maser region covers 700 x 400 mas in right ascension and dec-
lination. Emission close to the stellar velocity is spread throughout this region. The 
most extreme redshifted and blueshifted emission is much more compact and weaker, 
and is located close to the centre of the maps (Richards et aI., 1998). A map of the 
location of their Gaussian fitted maser spots is shown in Figure 2.4. 
The central location of the extreme velocity emission was also observed by Marvel 
(1996). The most redshifted and blueshifted maser regions in the maps of Richards 
et al. (1998) are offset from each other by about 100 mas. This could be due to a 
deviation from spherical symmetry, or to the true back and front of the maser shell 
not being observed. Richards et al. (1998) used images separat.ed by nine years to 
derive the proper motions of the maser components. Only 9 of the 36 clearly matched 
maser features did not move away from the assumed stellar position. Richards et. al. 
(1 998) propose that the 22 GHz H2 0 emission is located in areas of greater density 
than the surrounding envelope. 
2.7.2 Variability 
Gomez Balboa and Lepine (1986) examined the variability of the H2 0 masers, us-
ing data acquired from 1969 to 1976. Cox alld Parker (1979) considered the maser 
variability over the shorter period of 1974 to 1977. The data of both Gomez Balboa 
and Lepine (1986) and Cox and Parker (1979) show correlated short-term variability 
in three separate features at different velocities. This may indicate a common ]lump 
source for most of the H20 masers. Wu Zheng et al. (1998) observed short term vari-
ations of the water masers with a period of 10.3 days in both of the strongest maser 
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Figure 2.4: The location of H20 maser spots observed with MERLIN, from Richards et al. 
(1998) . They grey scale of the spots reprrsents their velocity, where the dark spots are 
redshifted and the light spots blueshifted. The size of each spot is proportiollal to its flux 
density. 
peaks at 14 knl.s- I and 20 km.s- I . T hey propose periodic shocks ~~5 the cause of these 
variations. Fourier analysis by Cox and Parker (1979) of the light curve indicated a 
period of 350 days present in all three velocity features. This period is possibly re-
lated to an infrared pumping mechanism. The Fourier analysis also revealed periods 
of several years, which may be due to rotation of clouds in a disk. This period is 
of the same order as the ~ 1::;00 day period observed in the optical and ~ 1000 day 
period observed in the OH maser emission, perhaps implying simi lar origins. Over 
the loug term some of the velocity components vary independently. The intensity 
of the 22 GHz H2 0 spectrum decreased steadily over the duration of the Cox and 
Parker (1979) observations, but this decrease is not seen in the later Gomez Balboa 
and Lepine (1986) observations. 
Imai et al. (1997) used a 1300 km baseline between two telescopes of the NRO in 
Japan to observe water masers towards a number of late-type stars. They observed 
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each source on two occasions separated by a six month period , and note that t.he maser 
emission towards VY Cl\1a is much more stable than that around the semi-regular 
variables in t,heir sample. 
2.7.3 Polarisation 
Observations of the 22 GHz H20 masers performed by Knowlps and Batchelor (1978) 
in 1976 display 3% linear polarisation in the velocity range + 16 to + 23 km.s- I . A 
feature at -5 km.s- 1 and t.he strong feature at, +14 km .s- 1 were not polarised, implying 
that the H20 masers arc not radiatively /lumped (Earvainis and Deguchi, 1989). High 
resolution \,LBI maps of the H20 maser region show circular polarisation in seven 
of the ten brightest maser features (V lemmings et a!. , 2002a). The shape and line 
widths of maser components in the total power spectra of Vlemmings et a!. (2002a) 
show the masers to be at most marginally saturated. 
2.7.4 High frequency water masers 
A number of emission lines from vibrationally excited water have been detected to-
wards \ 'Y Cl\fa. The 232 GHz V, 550 --t 6.13 transition and the 96 GHz V 2 440 --t 533 
transitions were detected by Menten and i\lelnick (1989). The V2 excited water emis-
sion probably arises closer to the star than the 22 GHz emission, possibly from the 
same region as the SiO emission . These two spectra have their strongest peaks at 
the same velocity as the strongest peak in the SiO spectrum. Similar densities are 
required for the excitation of SiO and H20 V2 masers (Menten and Melnick, 1991). 
The 321 GHz transition of ortho-H2 0 also displays strong maser action (;-.tIenten 
and Melnick, 1991; Yates ot aI., 1995). Its spectrum is much more complex than 
the 22 GHz spectrum, and its velocity range smaller. This is consistent with the 
population inversion models of Yates et. al. (1997), in which the 321 GHz transition 
is strongly inverted in a much more rest ricted set of physical conditions than the 22 
GHz transition. The 321 GHz masers probably arise in a wanner and denser region, 
closer to the star than the 22 GHz masers. The 325 GHz line profile of para-H20 
also displays strong emission and broad emission wings. It shows a similar profile 
to the 22 GHz masers. This fact, coupled with the similar excitation temperatures 
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of these two transitions, indicate that they possibly arise in the same regions and 
are generated by the same inversion mechanism (Yates et aI. , 1995). The 557 GHz 
110 ~ 101 line of ortho-H20 has also been detected (Harwit and Bergin, 2(02). Menten 
and Young (1995) observed the 658 GHz line of viiJrationally excited water towards 
VY CMa. The emission profile is broad and centred on the stellar velocity. The 
photon luminosity of the 658 GHz line is three times the photon luminosity of the 
22 G Hz line, and comparisons of this line with the v = 1 and v = 2 J = 1 - 0 SiO 
masers observed by Martinez et al. (1988) shows that the 658 GHz line is always more 
luminous than these SiO lines. Menten and Young (1995) propose that the distinct 
difference between SiO and 22 GHz rhO lines, and the 658 GHz H20 lines is due to 
the 658 GHz line being heavily saturated. 
2.8 SiO masers 
Because SiO masers are the object of this dissertation, the literature surrounding this 
topic will b(' discussed in greater detail. SiO is a non-paramagnetic simple rotor, 
so radiative transitions are limited by the ::"J = ±1 selection rule. Vibrational 
transitions are most significant for flv = ± 1 transitions. Higher 6v transitions are 
much weaker, with strengths decreasing about two orders of magnitude for every flv 
unit (Elitzur, 1992, pg 280). The first few vibration-rotation levels of SiO are shown 
in Figure 2.5. 
SiO maser spectra from evolved stars usually display several narrow velocity com-
ponents of very high flux densities. The high flux density and narrow line-widths 
indicate that these masers are produced within a few stellar diameters of the star 
(Moran et al., 19(9). VLBI obseryations of Mira variables indicate that the v = 1 
J = 1 - 0 masers are formed between the photosphere and the dust-formation point, 
and are distributed in a sparsely filled ring around the central star (e.g. Diamond 
et aI., 1994) . Further away from the star. the silicon forms part of the dust grains in 
the shell. Unlike the OH and H2 0 masers, SiO masers are not situated in the stellar 
wind (Lockett and Elitzur, 1992). 
For SiO masers to occur, the molecular density must be between 109 and 1010 cm-3 
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Figure 2. 5: Vibration-rotation levels of SiO (Elitzur, 1992, Figure 3.3) 
(Lockett and Elitzur, 1992) and Bujarrabal et al. (1994) pstimated a fractional abun-
dance of SiO in the circumstellar envelope of 5.4 x 10-; relative to hydrogen. 
2.8.1 Observed SiO maser lines in single-dish studies 
VY CMa was among the first sources detected in SiO maser emission. T he first 
detection of SiO towards VY CMa was the v = 1 J = 2 -1 line, obtained by Buhl et al. 
(1974). Many other SiO maser lines have since been observed towards this star, which 
is one of the most intense known SiO emitters and is detected in an extensive set of 
SiO maser transit ions. A list of SiO maser lines observed to date towards VY Cl\1a 
is given in Table 2.7. The rest frequencies of the maser lines are included where 
available, from the "NIST Recommended Rest Frequencies for Observed Interstellar 
Molecular l\ licrowave Transitions" (Lovas, 2004). The SiO maser position is right 
ascension 07 22 58.334 ± 0.15, declination -25 4602.99 ± 0.25 (J 2000) (Wright et aI. , 
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1990). It is offset from the optical position of VY eMa, as mentioned in Section 2.3. 
In searching for v = 0 J = 2 - 1 masers, Buhl et al. (1975) found that of the observed 
sources, only VY CMa displayed evidence of non-thermal maser emission in this line. 
The velocity at. which t.he possible 11 = 0 J = 2 - 1 maser peak is located coincides 
with a minimum in the vibrationally excited masers. The ground state J = 2 - 1 line 
is about, twenty t imes weaker than the v = 1 J = 2 -1 maser line (Bujarrabal et. aI., 
1994). The high polarisation of some of the bright v=O J = 2-1 and v= O ./=1 - 0 
lines is also indicative of maser emission (Shinnaga et aI. , 1999, 2003). 
The maser lines in t.he first and second vibrational levels are of similar intensities, 
except for the v = 2 J = 2 - 1 and J = 6 - 5 lines, which are much weaker. T he v = 2 
J = 2 - 1 maser emission is unusually weak , even beyond that expected for a higher 
rotational transition , most likely due to a line overlap. "'lasers in higher vibrational 
states are much weaker than the v = 1 and v = 2 masers. The v = 3 lines are about 
35 times weaker and the v = 4 are at least 20 times weaker than the 11 = 3 (Alcolea 
et aI. , 1989; Lockett and Elitzur, 1992). T he weakness of these masers is due t.o their 
requirement of much larger column densities (Lockett and Eli tzur, 1992). 
For the low frequency lines, the spectra of different vibrational states of the same 
rotational transition are similar. This may indicate that these tra.nsitions occupy the 
same volume of gas. Barvainis and Predmore (1985) compared the polarisations of 
v = 1 and v = 2 SiO velocity feature pairs. The similarity in polarisation of these pairs 
provides further evidence that t.he 'V = 1 and v = 2 masers , for the same rotational 
transition, are located in the same region. The v = 1 velocity pairs for J = 1 - 0 and 
J = 2 -1 rotational t ransitions, on the other hand, were not similarly polarised. 
A large number of high frequency maser lines have been observed towards VY C!\!a, 
as shown in Table 2.7. The spectra from these lines do not have common features 
(Humphreys et aI. , 1997). The v = 1 and 2 J = 8 -7 detections reported by Humphreys 
et al. (1997) are weaker and broader than the low frequency lines, and may in fact be 
thermal in nature. 
In addition to 28SiO, the isotopes 29SiO and 30SiO are present around VY CMa in 
roughl, terrestrial ratios (Geballe et aI. , 1979), !llaser emission from low.] transitions 
of these SiO isotopes was observed by Deguchi et al. (1983) and Barcia et a l. (1989). 
The strength of the 11 = 0 J = 1 - 0 28SiO is similar to that of the 30SiO emission, and 
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much less than the 29SiO emission in the same transition (Barcia et aI. , 198!); Alcolea 
and Bujarrabal , 1992). Observations of v = 0 .J = 1 -0 29SiO and 30SiO emission 
towards VY CMa are highly variable compared to J = 1, 2 28SiO emission, indicating 
that these masers are not saturated. The v = 0 J = 1 - 0 29SiO emission consists of 
one narrow peak corresponding in vdodty to the strongest peak in the v = 1, 2 lines 
(Alcolea and Bujarrabal, 1992). 
2.8.2 Interferometric observations 
A number of interferometric observations of SiO maser transt.itions around VY Cr-Ia 
have been made. The transitions that have been interferometrically imaged are incli· 
cated with an asterisk in Table 2.7. 
Early KNIFE \,LBI observations of the J = 1- 0 v = 1 and v = 2 masers show the 
maser components for these two transitions to be almost spatially coincident (Miyoshi 
et aI. , 199-1). Higher resolution VLBA images also show the distribution of the v = 1 
J = 1- 0 and v=2 J= 1-0 maser components to be much the same (Miyoshi , 2003). 
VLBA observations of TX Cam and IRC+I0011, on the other hand, show that the 
v=1 and v=2 J = I -0 masers in these two stars are not coincident (Desmurs et aI. , 
2000). Soria-Ruiz et al. (2004) find that the v = 2 J = 1-0 masers in IRC+I0011 
lie slightly closer to the star than the v = 1 J = 1 - 0 masers, and the X Cyg v = 1 
J = 1 - 0 and v = 2 J = 1 - 0 masers , while similar in total extent. , have different 
spatial distributions. In spite of contrary observations towards other stars, the high 
resolntion maps of Miyoshi (2003) do show that most strong maser features in their 
v = 1 .] = 1-0 map of VY CMa can be aligned within 0.2 mas with the same velocity 
components in the v = 2 J = 1- 0 map. The coincidence, or lack or coincidence, of 
the emission regions in these lines has implications for the maser pumping model. 
The KNIFE and VLBA maps show SiO maser emission extending over approxi-
mately 80 x 80 mas in right ascension and declination towards VY C:"la. The emission 
is mostly concentrated to the east of the maps. 
VLI3I maps of the v = 1 J = 2 - 1 maser emission e.xtend over about 100 x 80 mas 
is right ascension and declination respectively (Shibata et aI. , 2004). Shibata et al. 
(2004) fitt ed a ring to this maser emission by eye, placing the masers at a radins of 
2 . 4 R. concentrated in the southwest region of the ring. 
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The Subrnillimetrr Array was used to observe the v = 1 J = 5-4 SiO transition 
(Shinllaga et a1., 2004). Seven maser components were identified. Five of these com-
ponents could be located about. 50 mas from the star, in the circumstellar envelope. 
The ot.her two were offset by 1300 mas and 500 mas in declination, which may place 
these components significantly outside of the stellar envelope. 
2.8.3 Variability 
The SiO masers are hghly variable. IIlartincz et a1. (1988) observed the v = 1 J = 1 - 0 
and v = 2 J = 1 -0 lines for two and a half years, at twenty to thirty day interyals. The 
profiles displayed some variability, but the observing period was too short to stndy 
the possible periodic:ity of the variations. Pardo et al. (2004) monitored the same SiO 
lines towards a number of late type stars for eleven years. They found that the SiO 
variability of supergiants is much more complex than it is in Mira-type yariables. In 
VY CMa, the SiO variability is at odds with both the optical variability and the 1612 
MHz OH variability. The main features in these SiO spectra persisted over the eleven 
year observing period. In particular, the intense peak at 22.5 km.s- l is visible over 
the entire period. Weak peaks at 33 km.s- l and 39 km.s- l appear for some of the 
obserYation. Pijpers et a1. (1994) undertook daily observations of the 1' = 1 J = 1- 0 
SiO line for about a month, during which time the profile remained constant. 
Glenn ct at. (2003) undertook eight single dish observ-d.t ions of the v= 1 J = 2-1 
SiO line towards \ 'Y CiVla over a period of 2.5 years. Two of these spectra are shwon 
in Figure The chard.cteristic lifetime of a single component in the maser profile was 
determined to be 645 days. 
A number of high frequency SiO lines have been observed by Humphreys et al. 
(1997) and Gray et a1. (1999). Comparisons of these spectra show some slight but 
significant changes in the v = 1 J = 8 - 7 line over a two month period , and the v = 2 
J = 7 -6 line over a nine month period between the observations (Gray et a1., 1999). 
2.8.4 Line overlaps 
Line overlaps are caused by the frequency overlapping of two nearly coincident tran-
sitions, from the same or different molecules, due to thermal broadening of the lines 
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or due to the macroscopic velocity of the material producing the masers (Bujarrabal 
and Nguyen-Q-Rieu , 1981). Line overlaps have been invoked to explain a number 
of 28SiO, 29SiO and 30SiO maser line strengths. Traditional collisional and radiatiye 
pumping mechanisms do not predict the strong contrasts obsen'ed between some ro-
tational transitions in the same vibratioual state. Line overlaps provide a means to 
explain many anomalous line strengt,hs. 
Line overlaps have several effects. They will increase the opacity at the frequency 
of the overlap. The more abundant of the species inyolved in the overlap will absorb 
most of the radiation from the central star, leading to less radiation being seen by 
the second species. The more abundant species may also emit radiation which may 
be absorbed by the second species (Cernicharo and Bujarrabal, 1992). 
There are a large nnmber of overlaps between varions lines of 28S iO, 29SiO and 
30SiO. This will have a significant effect in the formation of masers (Cernicharo and 
Bujarrabal, 1992) . Gonzalez-Alfonso et al. (1996) and Gonzalez-Alfonso and Cer-
nicharo (1997) developed a non-local radiative transfer model incorporating many of 
these line overlaps. Their model explains the presence of many high frequency lines 
as well as the contrasting Plllission profiles of adjacent rotational lilies. The high fre-
quency v =4 ) = 5-4 28SiO line and the 29SiO v = 2 ) = 4-3 and v =3 ) = 8- 7 lines 
are attributed to overlaps between 29SiO and 28SiO infrared lines. Gonzalez-Alfonso 
et al. (1996) both predicted and obtained the first detection of the v = 3 ) = 8 - 7 
29SiO line. 
Line overlaps with other molecules can also have an effect on the maser emissioll. 
The frequency of the SiO infrared transition v = 1 ) = 0 - v = 2 .] = 1 coincides 
almost exactly with the 1:2 = 01275 - 1:2 = 11106 transition of rhO. If this line is seen 
in emission by the SiO, as assumed by Olofsson et aL (1981), then the photons will 
populate,.the SiO v = 2 .] = 1 leveL This will strengthen the "= 2 J = 1-0 maser, while 
weakening the v = 2 J = 2 -1 transition. This serves as a possible explanation of the 
anomalously weak 11 = 2 ) = 2 -1 maser line (Olofsson et aI., 1981). If the excitation 
temperat,ure of H20 is less than the excitation temperature of the stellar radiation , 
then the same mechanism would strengthen the v = 2 J = 2 -1 line. Such a situation 
could occur in collapsing la.yers of the star's atmosphere (Bujarrabal et al, 1(96). 
Other infrared SiO lines, such as 11 = 2,] = 2 - v = 3 J = 1, which either depopulate the 
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SiO v = 2 J = 2 level or populate the SiO v = 2 J = 1 level, cou ld also be responsible 
for the weakness of this maser line (Olofsson et aI. , 1985). 
2.8.5 Polarisation 
Simultaneous SMA polarisation observations of the v = 0 a.nd v = 1 J = 2 -1 masers 
were made by Shinnaga et al. (1999). The v=O maser displayed linear polarisation of 
23'70 and 45% at 15.5 km.s- I and 18.5 km.s- I respectively. The high degree of linear 
polarisation shown by th is line is evidence of its maser nature. The v = 1 line showed 
much lower linear polarisation. 
McIntosh et al. (1994) performed single-dish observations of the v = 1 J = 1- 0 
and J = 2 - 1 SiO ma.~er lines towards VY CJ-Ia. They found that for both lines the 
fractional circular polarisation wa.~ less than 5%, and the fractional linear polarisation 
wa.~ less than 10%. Tile fractional circnlar polarisation of the v = 1 J = 2 -1 line was 
significantly less than that of the v = 1 .J = 1 - 0 line. 
The 2.5 year span of single-dish observations of the v= 1 J = 2-1 line performed 
by Glenn et al. (2003) included polarisation information. The average line-integrated 
linear polarisation was 4.5o/c with a position angle of 43°. These values arc lower limits 
on the polarisat ion of the maser emission because spatial blending of maser spots 
will decrea.~e the observed polarisation. Neither the average line-integrated linear 
po larisation nor the position angle varied significantly over t he observing period. 
The v = 1 J = 5 - 4 masers interferometrically imaged by Shinnaga et al. (2004) 
displayed linear polarisation of between 10% and 60%. The polarisation angles of five 
of the seven observed maser spots were similar, ~ 70°. 
2.8.6 SiO maser pumping mechanisms 
Maser action requires a pumping mechanism to maintain the population inversion. 
In the same yea.r as the discovery of the first SiO maser (Snyder and Buhl, 1974), 
Geballe and Townes (197,1) suggested two different maser pumping mechanisms for 
this masing species. The first utilises different SiO infrared t ransitions of almost the 
same frequency. The second utilises infrared emission from hot SiO molecules, which 
is reabsorbed in cooler parts of t.he stellar envelope. 
SiO masers have since been observed in many transitions (Table 2. 7). Pumping 
mechanisms that depend on the properties of one state cannot explain all of the 
observations, so the frequency coincidence pumping mechanism is not viable. The 
second proposed pumping mechanism requires the hot and cool clouds to have the 
same radial velocity, which is not reasonable in the envelope of a late-type star which 
is expanding with increasing velocity (Degnchi and Iguchi , 1976). The pnmping 
mechanisms proposed by Gehalle and Townes (1974) were followed by a radiative 
pnmping mechanism proposed hy Kwan and Scoville (1974). 
Two types of pumping mechanisms are being considered today, collisional pumping 
and radiative pumping, where the population inversion is caused by collisional or 
radiative excitation respectively. A fair amount of research has gone iuto determining 
which of these two processes is at work in various sources. The question of which 
pumping mechanism is driving the VY CMa SiO masers, and SiO masers in general, 
is still open. Theoretical models have been developed which lean in both directions, 
and observational tests of (,he models are still being undertaken. 
Radiative Pumping 
Radiative pumping of masers will only occur for radiative excitations where maser 
levels exchange population with more than one state (Elitzur, 1992, pg 291). Two fun-
damentally different population inversion mechanisms which fulfill this requirement 
have been proposed. 
The first method of radiative pumping produces inversion in a vibrational state, 
v, by pumping level v + 1 and relying on the subsequent cascade to the v level 
(Elitzur, 1980). Kwan and Scoville (197:1) used this method to model SiO maspr 
emission pumped by radiation from a central star. They considered the v = 1 maser , 
assuming that radiative de-excitation of the v = 1 to the v = 0 states is more rapid 
than collisional de-excitation, and that the v = 0-1 vibrational transition is optically 
thick. The pumping method is an indirect one, with .:'J.v = 2 (Lockett and Elitzur, 
1992). The collisional cross-section of the vibrational transition used by Kwan and 
Scoville (1974) is too high by a few orders of magnitude (Deguchi and Iguchi, 1976). 
The radiative pumping they describe is not viable for a more accurate value of the 
collisional cross-section. 
35 
The second method of radiative pumping was proposed by Deguchi and Iguchi 
(1976). Their model produces the necessary population inversion by anisotropic t rap-
ping of radiation. T his is a L'>v = 1 pump. The large velocity gradient in the gas 
results in different optical depths in the radial and tangential directions, which leads 
to the population inversion (Lockett and Elitzur, 1992). Any situation which results 
in such an optical depth difference will allow the pumping effect of Deguchi and Iguchi 
(1976). The same conditions could be met by a disk-shaped clump aligned with the 
star (Lockett and Elitzur , 1992). 
The L'>v = 1 pump rates will be much greater than L'>v = 2 pump rates , so the 
Deguchi and Iguchi model is the more efficient of the two (Lockett and Elitzur, 1992). 
Bujarrabal (1994) produced a non-local radiative t ransfer model which showed 
that SiO masers are primarily radiatively pumped , and found that different masing 
conditions are required for transitions in different vibrational states. However, Doel 
et al. (1995) points out. that the zero velocity gradient assumption used in this model 
is physically unrealistic. 
Rausch et al. (1996) foun d that the inclusion of a photospheric line spectrum in 
radiative pumping models changes the pump conditions, making radiative pumping 
much more efficient . 
Collisional Pumping 
Elitzur (1980) proposed a collisional pumping mechanism for SiO masers, motivated 
by the fact that these masers are produced close to the star where vibrational tran-
sitions will be largely produced by collisions. 
Comparison of the the radiative pump rate described by Elitzllr (1980) and the 
approximate collisional pump rate described by Watson et al. (1980), taking H2 col-
lisions into consideration, shows that collisioual pumping dominates, especially for 
higlwr v (Elitzur, 1980). 
For collisions to produce maser emission, the density of the gas must not be 
so great that collisional excitation followed immediately by collisional de-excitation , 
which will simply thermalise the gas. Collisional excitations must be followed by 
radiative de-excitations. For collisions with H2 , the density must be ;S 10 12 crn- 3 for 
opt.ically thin vibrational transitions (Elitzur, 1980). 
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The calculations of Bieniek and Green (1983) give collisional cross-sections which 
are much larger than had been assumed in early models. Lockett and Elitzur (1992) 
constructed a model , making a large velocity gradient (LVG) assumption , which in-
corporated these new cross-sections. Collisional pumping models tend to greatly 
underestimate the pumping rate because of the necessity to model a finite number of 
rotational levels per vibrational level. The Lockett and Elitzur (1992) model makes 
corrections for t his effect. The LVG models developed by Lockett and Elitzur (1992) 
and Doel et a!. (1995) imply that collisional pumping wi ll dominate over radiative. 
The Doel et a!. (1995) model predicts coupling of transitions involving J = 0, 1,2 of 
different vibrational states. 
Comparison of pumping mechanisms 
Lockett and Elitzur (1992) found that collisional pumping should theoretically pro-
duce the strongest masers, followed by a combination of radiative and collisional 
pumping. Purely radiative pumping should produce the weakest intensities. While 
both pumping mechanisms are possible, the collisional mechanism is less dependant 
on specific physical conditions. Given the wide range of SiO maser observations in 
late-type stars, it seems that the general pumping method may be collisional (Elitzur , 
1992, pg 294). SiO maser models which iuclude the pumping mechanism of Doel 
et a!. (1995) in conjunction with a model for the circumstellar envelope kinematics 
accurately reproduce a number of physical properties of obseryations of SiO maser 
emission towards late-type stars (Humphrevs et a!., 1996, 2002). 
As mentioned in Section 2.8.2 , Desmurs et a!. (2000) found that the v = l and v=2 
J = 1- 0 masers of TX Cam and lRC+ 1O0ll were not coincident in their VLBA maps, 
and Soria-Ruiz et al. (2004) found that while their SiO v = 1 J = 1-0 and J = 2-1 VLBI 
images of IRC+ lOOll and X Cyg show comparable emission regions, but none of the 
maps show spots coineident in all transitions. However, the "II = 1 and v = 2 J = 1- 0 
lines observed by Miyoshi et al. in KNIFE images in 1994 and VLBA images in 2003 
do appear to be spatially coincident. Emission from rotation transit ions in different 
vibrational states is expected to occur under different conditions, because higher 
vibrational states have higher excitation energies. It is more difficult to explain the 
coincidence of such emission regions in a radiative pumping model then in a collisional 
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model (Soria-Ruiz et aI., 2001), so the observed coincidence of the emission regions 
argues for collisional pumping of these masers around VY C~la. 
2.9 Circumstellar environment 
The earliest. models of the circllmstellar envelope of VY ClvIa make use of a thick , 
spherically symmetric, expanding shell (Hyland et aI. , 1969). Observational evidence 
in every wavelength regime shows the envelope to be asymmetric, so more complex 
models must be used for the circumstellar envelope. A contending early model is a 
thin expanding disk , viewed nearly edge-on (Herbig and Zappala, 1970). T he disk 
theme reoccurs in mallY subsequent observations of VY ClvIa. 
The circumstellar environment of the star will be discussed in t his section. The 
physical properties of the star will be assumed to be the median of the literat.ure 
values reported in Section 2.2, that is 10 mas for the stellar radius, 50 mas for the 
inner dust shell radius and 1.5 kpc for the distance to the star. 
2.9.1 Near circumstellar shell 
The smallest scale structure observable in the circumstellar environment is delineated 
by SiO masers, which are located only a few stellar radii from the star. Van Blerkorn 
and Auer (1976) have claimed that the t.riple structure of the single-dish v = 1 J = 1- 0 
SiO spectrum can be explained by a rotating disk viewed almost edge-on. Zhou and 
Kaifu (1984) fur ther considered a rotating, expanding disk model for the v = 1, 2 
J = 1 - 0 lines, making use of an updated terminal velocity. They find that a three-
peaked profile is only obtained when free-fall or decelerating motion is included in 
the model. Free-fall motion gives a slightly redshifted central peak , and decelerat ion 
a slightly blueshifted one, which fits t he spectrum of VY CMa better. The most 
reasonable scenario produced by this model is of a rotating, edge on disk, with a 
decelerating region near the photosphere, and an accelerating region outside of it. 
The Zhou and Kaifu (1984) model predicts SiO maser emission at a radius of about 
2.5 R •. 
Several interferometric observations of SiO maser emission around the star have 
be~n made. Interferomet.ric maps have the potential to give more direct information 
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Figure 2.6: Sketch of the interferometric; images of SiO thermal and ma$cr emission dis-
cussed in the text. The" = 1 J = 1 - 0, v = 2 J = 1 - 0 a.nd 11 = 1 J = 2 - 1 and the core of 
the v = 1 J = 5 -4 maser emission is assumed to be located hl the central region, wi thiu the 
dust formation radius. 
about the inner envelope structure than single-dish spectra. As reported in Section 
2.8.2, maps of the v = 1 J = 1 - 0 and 'Ii = 2 J = 1 - 0 emission span approximately 
80 x 80 mas (Miyoshi et aI., 1994; Miyoshi, 2003), the v = 1 .J = 2 - 1 emission spans 
100 x 80 mas (Shibata et aI. , 2004) and the majority of the v = 1 J = 5 - 4 maser 
features are within 50 mas of the star. Shibata et al. (2004) suggested that thei r 
v = 1 J = 2 - 1 YUlI images show a ring-like distribution of maser components, where 
only the southern section of the ring is visible. This would situate these masers at 
a radius of 2 - 4 R. . The inner dust shell radius is approximately 50 mas, or 5 R., 
which places the maser regions imaged wi th YLBI inside the inner dust shell radius, 
except for two of the 'U = 1 J = 5 -4 features. Shinnaga et al. (2004) suggest that 
these features may be located in a bipolar outflow, where shock excitation could 
produce the required conditions for these masers. The average position angle of the 
linear polarisation of these. masers is 720 ± .'l0, which is roughly aligned with the bipolar 
distribution of thermal v = 0 J = 1-0 SiO emission mapped by Shinnaga et al. (2003). 
This rna' indicate a correlation between the structure of the Ilear circumstellar shell , 
where the SiO masers are located, and the extended outflow mapped by the thermal 
SiO emission (Shinnaga et a!. , 2004). The v = 0 J = 1- 0 map also displays some 
bright components whose linear polarisation is aligned with the assumed outflow axis 
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Figure 2.7: Dominant axes in the infrared and SiO emission images. The central ring 
represents the SiO maser region. The southeastern and southw('stern spots arc the hright 
emission observed in the near-infrared by MOllnier et al. (199%) and Cruzalebes et al. 
(1998) respectively. The SiO and optical emission provide generally northeast - southwest 
axes, while the elongation of the infrared emission is in the northwest - southeast direction. 
(Shinnaga et aI. , 2003). A sketch of the various SiO maser and thermal emissiou 
regions is shown in Figure 2.6. 
2.9.2 Inner dust shell 
The temperature of the circumstellar cloud at the dust formation radius is approxi-
mately 1400 to 1500 K and the dust shell extends to a radius of about 2.5 arcseconds 
(Danchi et aI. , 1994). 
i\lonnier et aI. (2000a) compare a number of observations of mid-infrared emission 
and find that the emission distribution is effectively the same in all of them, which 
they argue implies that continuous condensation of dust has been occurring in the 
envelope. The bright emission observed by Monnier et al. (1999b) at about 65 mas 
southeast of the star , visible ill Figures 2.1 and 2.8, is neal' the inner dust shell radius, 
and they suggest t hat it could be a recently formed dust clump. 
The near-infrared speckle interferometry maps produced by Wittkowski et al. 
(1998) extend over roughly 100 mas, 10 R" and are asymmetric, elongated along a 
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Figure 2.8: Sketches of the three ellv ironm~nts of the near-infrared emission region pro-
posed by Monnier et al. (1999b). The near-infrared emission in each sketch is represented by 
the dark circle, smaller unfilled circle to the southeast and the larger outlined southeastern 
region, after the maps of Monnier ct al. (199%) (Sec Figure 2.1). The three geometries are 
discussed in the text. 
position angle of approximately 16()' . They suggest several reasons for the asymme-
try: a bipolar outflow, a close binary, erratic mass-loss mechanisms, or a disk-like 
envelope. The polarisation position angle of the near-infrared emission suggests that 
the emission also extends in the southeast direction, towards 170' (Monnier et aI., 
1999b). These infrared axes, along with the axes observed in the SiO thermal and 
maser emission, are shown in Figure 2.7. 
Monnier et al. (1999b) propose several explanations of the clumpy, highly asym-
metric near-infrared emission they observed towards VY eMa. One possibility is 
that there is simply less dust, or cooler dust, to the north of the star in an optically 
thin envelope. However, they consider this possibility unlikely. \oVhat is mo re likely 
is that the northern region of the nebula is obscured. This scenario is supported by 
the H20 maser emission to the north and east of the star which impli es high dust 
densiti~s in these regions (i\lonnier et aI. , 1999b). A second scenario proposed by 
Monnier et al. (1999b) is of a high opacity inner dust shell, where the material to 
tbe north of the star has the highest optical depth. T his situation could arise if the 
star is surrounded by an equatorial disk of high density. The warm dust at the poles 
would be the source of the near-infrared emission (Monnier et aI., 1999b). The final 
possibility put forward by ilfonnier et al. (1999b) is that the near-infrared emission is 
created by forward scattering from an equatorial disk, which is tilted towards us in the 
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southwest. Smith et a!. (2001) also suggest that the asymmetry could be explained 
by high extinction to the northwest of the star, as well as the effects of forward and 
back scattering. Efstathiou and Rowan-Robinson (1990) developed an axisymmetric 
flared disk dust shell model which fitted the spectral energy distribution very well for 
a viewing angle jllst inside t.he disk. These three geometries proposed by Monnier 
et a!. (1999b) and other authors are depicted in Figure 2.S. Monnier et a!. (1999b) 
comments that the small-scale near-infrared images seem to be at odds with the gen-
eral larger-scale model, possibly because the emission observed at this resolution is 
due to chaotic dust formation and doesn't reflect the larger scale dust shell structure. 
Geballe et a!. (1979) observed infrared SiO lines towards VY Cl\1a, which they 
argue are formed at about 150 mas, 15 R" from the star, in an accelerating and 
expanding region where most of the silicon is incorporated int,o dust grains. The 
circumstellar cloud has a temperature of about 600 K in this region (Geballe et a!., 
1979). Observations by Monnier et, al. (2000b) in the mid-infrared imply a molecule 
formation radius of greater than -10 It" which is approximately the outer radius of the 
H20 emission mapped by Richards et a!. (199S) . Mid-infrared intprferomet,ry of the 
ammonia spectral lines indicates that there is turbulence in tlw inner stellar envelope 
around the -10 R. region (:-10nnier et aI. , 200G b). 
2.9.3 OH and H 20 maser emission regions 
Both OH and H20 maser regions appear to fall outside the dust formation region. 
VLBI observations of H20 masers show an emission region with an inner radius close 
to the inner dust shell radius and an outer radius of ~ 450 mas. 
T he early VLBI maps of H20 masers produced by Rosen et a!. (1978) oppose a 
rotating disk model for this envelope region, because emission near the stellar velocity 
does not fall between the locations of the more extreme velocity emission. Rosen et 301. 
(1978) instead propose that emission near the stellar velocity arises in .a shell close to 
the star, while the low and high velocity features are formed in shells further out, in 
areas of greater acceleration. MERLIN maps of H2 0 masers around VY CMa display 
a possible disk structure, with what may be material ejected a long t he polar axis 
of a jet in the northeast - southwest direction (Yates and Cohen, 1994) , consistent 
with the bipolar signature in the observed thermal SiO emission (Shillnaga et aI. , 
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2003). Yates and Cohen (1994) fit a uniformly expanding thin shell model to their 
H20 map, with an inner boundary of 35 mas and outer boundary of 400 mas. Their 
radial distance versus velocity plots show inner and outer ellipt ical boundaries for 
the emission, wit h an inner boundary velocity of 7 km.s- 1 , and an outer boundary 
velocity of 27 km.s- l The expansion velocity <It the inner elliptical boundary is less 
than the escape velocity (Yates and Cohen, 19(4). 
Further MERLIN observations by Richards et al. (199S) show a possible thick 
expanding shell. The ext.reme red shifted and blueshifted emission is weaker and more 
compact than the central emission, as reported in Section 2.7. This indicates that it 
is possibly located in the caps of au expancling envelope. The maps were modelled 
by a simple spherical, expanding shell with an inner radi us of 75 mas and an inner 
velocity of 7.S km.s- 1 (Richards et aI. , 1995). The emission region extends to a radius 
of 440 mas with an outer veloci ty of 35.5 km.s- I. This model fails to predict the lack 
of emission along the line of sight to the expected stellar position , and the extended 
emission to the southwest and northeast. Marvel (1996) and Richards et, al. (199S) find 
that the proper motions of most of the maser spots are away from the assumed stellar 
position, implying the H20 maser region is expanding. The proper motion model 
gives an outer velocity of 31.7 km.s- 1 at an outer boundary of 360 mas (Richards 
et aI. , 1998) . Marvel (1996) determined a mean expansion velocity of 12.S km.s- 1 
from the proper motion observations, assuming a distance of 1.5 kpc. Richards et al. 
(199S) found that the mean expansion velocity in t he plane of the sky increased as a 
linear fnnction of the angular separation of the components from the assumed stellar 
position. This is evidence for accelerat ion in this region , which is consistent with the 
ta ngential beaming of the I-hO masers (Richards et aI. , 1998). The H20 emission 
region is elongated northeast - southwest (Marvel, 1996; Richards et aI. , 1998) , which 
can be seen in Figures 2A and 2.9 . ~'igure 2.9 is a sketch of the circumstellar envelope 
around the H20 maser region. Richards et al. (199S) suggest that the H2 0 masers 
are situated in an equatorial belt, perpendicular to a polar outflow. 
The 1667l\lHz OH emission plateau observed by Morris and Bowers (19S0) cannot 
be produced by a spherically symmetric envelope. An axially symmetric model with 
out flow towards the equator, viewed far out of the mid-plane, was invoked to explain 
the plateau emissioll. This model is essentially an expanding equatorial disk. The 
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Figure 2.9: Sketch of the OH main line, H2 0 and SiO maser emission regions. The inner 
dnst shell radius is represented by the jagged line which separate.s the SiO emission region 
from the H2 0 and OH main line emission regions, The OR main line emission region lies 
inside the H2 0 emission region, represented by the dashed ellipse. 
SiO and \-\20 masers would also fall within this disk. i\lain line OH masers are located 
about 5 x 1015 cm to 1016 em from the star, ~20 R. , in a region which is expanding 
at a rate of abont 20 km.s- 1 (1\lorris and Bowers, 1980). The OH main line maser 
region is also shown in Figure 2.9. 
The 1612 l\1Hz OH VLA maps produced by Bowers et al. (1983) show an elongat.ed 
distribution. The spatial offset between the extreme velocity maser clusters suggests 
a t il ted expanding disk-like model for the envelope (Bowers et aI., 1983). The mean 
position of the maser components is close to the optical position of the star. The 
projected polar axis of the disk model has a position angle of 49', and the intersection 
of the disk with the plane of the sky will form a line at approximately 140' . Bowers 
et al. (1983) propose velocity gradients and the effect of dose 0 t,ype stars to explain 
the complexity of t.he maps. 
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2.9.4 Extended emission 
Larger-scale images of VY Cl\la ill the infrared show emission extending a few arcsec-
onds , or about 150 R. , concentrated to the sonth and southwest of the core (:Vlonnier 
et aI., 1999b). High resolution IrST optical observations show a dusty, axisymmet-
ric circumstellar envelope (Kastner and 'vVeitltraub, 1998). These images imply that 
VY CMa is surrounded by a flattened envelope or the massive circumstellar disk sug-
gested by Herbig and Zappala (1970). The disk, or envelope, obscures the central 
star. TI10 composite color HST images of Smith et al. (2001) and the images of Kast-
ner and Weintraub (1998) suggest a northeast - southwest axis of symmetry. Kastner 
and Weintraub (1998) interpret the nebula extending in the direction west-southwest 
to be a forward-facing polar lobe. A rear lobe is not visible however, possibly because 
the large envelope conceals it. The envelope around VY CMa may consist of the 
remnants of a pre-main sequence disk (Kastner and Weintraub, 1998). Thermal SiO 
maps also show a possible bipolar structure extending over about 1 arcsecond, where 
the southwestern blue lobe of the emission is brighter than the north-eastern red lobe 
(Shinnaga et aI., 2003). 
The bright knot first observed by Cruzalebes et al. (199S), ~ 1.3 arcseconds 
from the star, is embedded ill the extended southwestern emission. Cruzalebes et al. 
(1998) suggest that the knot may be gas accreted by a companion star. l\Ionnier 
et al. (1999b) extrapolate the location of the possible binary companion discussed 
by Wallerstein (1978), component B in the table of Herbig (1972). They find that 
the southwestern knot falls along the extrapolated path, and may therefore be the 
component B reported by Wallerstein (1978) and other early observers. Wallerstein 
(1978) described this emission in terms of light escaping through holes in a dusty 
cloud, as mentioned in Section 2.3. This explanation yields rotation rates that are 
too large for an isolated supergiant star, so it may be that VY CMa does have a 
companion, or that it is not an evolved object (Monnier et aI., 1999b). 
The Smith et al. (2001) HST images also show clumps of small bright knots around 
the star. The two most prominent clumps arc. located to the south and southwest of 
the star. Both of these clumps arc close to the position of component B in the table 
of Herbig (1972). 
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Figure 2.10: Sketch of the optical and near-infrared features observed in the large scale 
structure around VY eMa, limn Smith et a!. (2001). 
2.9.5 Large scale structures 
The optical nebula surrounding VY eMa is asymmetric with a number of features 
including reflectiou arcs, bright cOlldensatiolls and knots, which are mentioned iu 
Section 2.3. Figu re 2.10 is a sketch by Smith et a!. (2001) of the large scale structure. 
Images of the optical and near-infrared nebulosity produced by Smith et a!. (2001) 
show emission concentrated south and west of the star. Three reflection arcs are 
visible, two of which were also observed in the uear-infrared by Monnier et al. (1999b). 
What :"Ionnier et a!. (1999b) calls a curved nebulous tail can be seen at the higher 
resolution of the HST to be another reflection arc, which discounts the plume model 
put forward by l\Ionuier et al. (1999b) (Smith et a!., 2001). The arcs have also been 
observed by Humphreys et a!. (2005) and Smith (2004) in high-resolution optical 
spectra. 
The features observed in the extended nebula suggest that the star is undergoing 
many asymmetric local mass-loss events (Smith et a!., 2001; Smith, 200-1; Humphreys 
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et aI., 20(5). Long-slit spectroscopy by Humphreys et al. (2005) shows that the dust 
and gas in the nebula surrounding VY CMa has much the same velocity as the central 
star, a fact which conflicts with the known high mass-loss rate of VY CMa. They 
observe three arcs in the nebula. One of these is the large north-western arc labeled 
by Smith et al. (2001) as a nebulous tail. The north-western arc appears to have 
been ejected 400 years ago, and the other two arcs between 800 and 1000 years ago 
(Humphreys et aI. , 2005). 
2.9.6 Magnetic field 
At the end of its lifetime, an ."1GB star is thought to develop a superwind which 
causes a period of very high mass-loss. This wind is caused primarily by radiation 
pressure on dust in the circumstellar envelope, and also by molecular acceleration 
(Soker, 1998). The racliation pressure on the dust, which is itself created by stellar 
pulsations, results in dense equatorial mass-loss. A weak magnetic fi eld can create 
cool spots Oil the photosphere of the giant star that are expected to be primarily 
located iu the equatorial regions. Dust formation is increased above the cool spots, 
which will enhance t he equatorial mass-loss of the star (Soker and Clayton , 1999). 
Chapman and Cohen (1986) considered the configuration of the magnetic field around 
\"X Sgr, which they derive from OH maser observations. T heir calculated magnetic 
field will have an energy density large enough to influence the outflow of material from 
the star. Garcia-Segura et al. (2003) show that a toroidal magnetic field can lead to 
fast winds from AGB stars. This mass-loss t,akes the form of local structures such 
as filaments and arcs, as well as a general increase in mass-loss from the equatorial 
regions (Soker , 2000). 
The big question is how this magnetic fie ld is generated. Dynamos in AGB stars 
provide a possible explanation. In this phase of evolution, the contracted core will 
rotate much faster than the expanded envelope. This differential rotation can create 
a dynamo between the core of the star and the outer layers (Blackman et aI., 2001). 
Such a dynamo could create magnetic fields of the order of 400 G at the surface of a 
star. fl.lagnetic energy could cause coronal emission and enhance particle acceleration 
(Blackman et a!. , 2001). 
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Dorch (2004) performed numerical magneto-hydrodynamical simulations of dy-
namo action ill a late-type supergiant star. These simulations show only a few large-
scale convective cells on the stellar surface aud the magnetic field concentrated in long 
structures with widths much less than those of the convective cells. In this model, 
small local dynamos create a global magnetic field. Magnetic fi elds produced by this 
method will have maximums of around 500 G at the stellar slIl'face (Dorch, 2004). 
The polarisat ion of maser emission provides a probe of the magnetic field around a 
late-type star. The magnetic field introduces a quantisation axis, which differentiates 
magnetic sublevels according to their magnetic quantum number. This differentiation 
will take place when the gyrorate exceeds other quantum rates. T he energies of the 
magnetic sublevels are shined by the Zeeman etfect, by a dist,ance proportional to the 
magnetic field strength (Elitzu r, 1996). The relationship between maser polarisation 
and the magnetic field is discussed in Section 6.4.1. 
T he polarisation of the H20 masers around \ 'Y CI\Ja implies a magnetic field of 
around 200 mG for the H20 masers observed by Vlemmings et a1. (2002a), which 
they place at a radius of approximat.ely 150 mas, based on the extent of the H20 
maser region observed by Diamond et aI. (1987). Benson and Mutel (1982) observed 
the development of a Zeeman doublet in the 1665 MHz on emission. The Zeeman 
splitting implies a longitudinal magnetic field of about 1 mG in the OH emission 
region, which remained constant for at least two years. Vlemmings et at. (2002a) 
places this magnetic. field observation at 1.6 arcseconds from the star, the diameter 
of the 1612 MHz emission region observed by Reid et at. (1981) with the VLA. 
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v v .J' J" Ref 
[MHz] 
28Si 160 
43423.864 0 1 0 7' v v J' J" Ref 
86847.010 0 2 1 1 [MHz] 
43122.079 1 1 0 3,4* 
86243.440 1 2 1 2,3,6,9* 29Si 160 
129363.366 1 3 2 3,6 42879.922 0 1 0 3 
172481.140 1 1 3 3 85759.144 0 2 1 2 
215596.05 1 5 4 2,3,8* 214385.62 0 5 <1 2 
258707.36 1 6 5 2 127748.594 1 3 2 1 
301814.37 1 7 6 5 170328.194 1 4 3 1 
344916.36 1 8 7 5 255478.30 1 G 5 2 
42820.582 2 1 0 3,4* 84575.208 2 2 1 2 
128458.875 2 3 2 1 253703.23 2 G 5 2 
171275.150 2 4 3 3 3 8 7 4 
214088.56 2 5 4 3 
256898.37 2 6 5 3 30Si 160 
299703.88 2 7 6 5 42373.365 0 1 0 5 
34250'1.35 2 8 7 5 84746.047 0 2 1 2,5 
42519.373 3 1 0 3 211853.17 0 5 4 2 
170070.31 3 4 3 3 168323.089 1 4 3 2 
211077.90 4 5 4 3 167160.642 2 4 3 2 
RefereIlces: Referf' IlCCS: 
1. Buhl et a1. (1975) 1. Cemicharo et al. (1991) 
2. Jewell et a1. (1987) 2. Cernidlaw and Bujarrabal (1992) 
3. Cernichara ct a1. (1993) 3. Cha et a1. (1996) 
4. Miyoshi et a1. (1994)' 4. Gonzalez-Alfonso et a1. (1996) 
5. Humphreys et al. (1997) 5. Cha and Ukita (1998) 
6. Cho et a1. (1998) 
7. Shinnaga et a1. (2003)' 
8. Shirmaga et, a1. (2004), 
9. Shibata et a1. (2004)" 
.. Int.erferometrie obscrv·,ations 
Table 2.7: Tables showing the observed SiO masrr lines for the isotopes 28Si160 (left), 
29Si16 0 and 30Si 16 0 (right). The first column shows the corresponding frequencies , 
where available. The second column is the vibrational level v of the maser transition, 
between rotational levels J' and J". The reference for the observation is in the last 
column of each table. 
49 
Chapter 3 
Observing technique 
3.1 Introduction 
The angular resolution of a radio antenna is inversely proportional to the antenna 
diameter, expressed in wavelengths. For this reason individual radio telescopes have 
much lower resolving power than optical telescopes, which operate at much higher 
frequencies. Within the radio wavelength regime, higher observing frequencies or 
physicallv larger radio antenna must be used to provide better resolving power. 
Fortunately, incre,~ses in resolving power can also be achieved by using more than 
one radio telescope in the form of an interferometer. In a two-element interferometer, 
the resolution is proport.ional to t.he distance between the two antennas. Conse-
quently, higher resolutions can be achieved simply by increasing the distance between 
antennas rather than building ever larger single antennas, a process that would be 
both expensive and impractical. The primary motivation for the development and 
use of large interferometric arrays is then to address scientific questions which require 
high angular resal u tiOll. 
This thesis in paricular concerns an imaging study of individual SiO maser com-
ponents in the atmosphere of the late-type star, \,Y Cl\!a. The individual maser 
components have typical sizes of the order of milliarcsecollds (e.g. Green hill et aI., 
1995) and VLm angular resolution is essential for their study. 
50 
3.2 Radio interferometry 
Modern radio interferometers consist of arrays of multiple radio antennas. Each pair 
of antennas in these arrays can be treated as a single two-element interferometer. This 
pair of antennas observes a cosmic source , wit.h each ant.enna receiving signals from 
the source. Because the source dimensions and the distance between the antennas arc 
small compared to the source distance, the complex degree of coherence between the 
two received signals is related to the brightness distribution of the source by a Fourier 
t ransform. This is a result of the van Cittert-Zernike Theorem, which is derived in 
Born and Wolf (1999, pg 547). A mathematical expression of the relationship between 
the comple.x degree of coherence and the brightness distribution of the source spread 
over area <:l is: 
)12 ex: J J J (l, m)e-j2~(lu+mv)dl dm 
n 
(3.1) 
where )'2 is the complex degree of coherence and 1 (I, m) is the source brightness 
dist.ribution in the frame shown in Figure 3.1. The (0., v) coordinat.es are the antenna 
separat.ion in units of wavelength , projected onto a plane perpendicular to the source 
direction. 
The signals are captured at each individual antenna in the form of voltages. Be-
fore reception by the antennas, the electric field radiat.ed by t.he source has already 
been affected by the Earth 's atmosphere and ionosph~re . The signal is captured at 
the antenna by imperfectly polarised feeds that also distort the signal. The signals 
pass through receiving systems, where they are amplified and mixed to intermediate 
frequency with a loeal oscillator signal. The propagation through the receiver system 
further affects the signal. If the reference point for the incident electromagnetic ra-
diation from the source E is set. at, the point above the Earth's atmosphere, then the 
induced voltage at each antenna is: 
V=h.E (3.2) 
where h is the instrumental response, including all atmospheric, ionospheric and 
instrumental effects. These voltages are sampled digitally and then cross-correlated 
to estimate the spatial coherence as the cross-correlation. 
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Pole 
Figure 3.1: The coordinate systems used in Equation 3.1 and 3.3. The (",v,w) coordinate 
system is the spatial coordinate system of the antenna baselines, measured in units of 
wavelength, The mutually orthogonal cOlnponcnts 'U: v and ware measured in the east, 
north and source direction respectively. The (tl,v) vectors are the basis vectors for the 
plane orthogonal to the source direction, w. The (l, m) vectors describe the position of the 
source on the sky. They arc direction cosines measured with respect to the 'U and v axes 
respectively. (Thompson, 1989; Thomson ct. a!., 2001, pg 70). 
During correlation the signal must be corrected for geometric propagation effects. 
A wavefront from the source will not reach all the ant,ennas simultaneously, as shown 
in Figure 3.2. This delay in the signal reception between two autennas is referred 
to as the differential geometric delay TV' Additional delays are also introd uced by 
Signal propagation effects through the atmosphere, telescope, electronics and cables. 
The total delay is compensated for in the correlator system by adding an offset delay 
to the signal in a chosen reference frame. In practice, the delay correction used in 
correlation may not model all effects exactly, and remaining residual delays may need 
to be determined and removed in post-procrssing. The geometric delay correct.ion 
must continually be adjust.ed to account for the rotation of the Earth (Thomson 
ct aI., 2001 , pg 81) . A delay in the intermediate frequency stage of the receiving 
system adds phase terms of the form 27rIJJ~OT to the signal. Such phase t.erms are 
removed by an appropriate phase rotation , a practice referred to as fringe stopping 
(Thomson et aI., 2001, pg 174). 
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Figure 3.2: A sing)" wavefront will reach each antenna at a different time. The time 
difference in receiving the signal at different antennas is the geometric delay, 7 9 , These time 
differences arc accounted for in the correiator. 
The correlator output x is the cross-correlation of the two voltage signals which 
have been corrected for geometrical effects: 
Xmn(U, V, T) = < l~,,(t + Tm)~~'(t + Tn - T) > (3.3) 
for antenna pair (m, n) (D'Addario, 1986). The delays Tm and Tn are offset delays 
added by the correlator to place each antenna in a geocentric reference frame. The T 
is the variable lag offset by which the voltage v~ is delayed with respect to ~~, within 
the correlator. The cross-correlation can also be represented by Vm(t) * l;,(t) and is 
conventionally referred to as the visibility function (Thomson et aI., 2001, pg 81). 
Lag spectral correlators, or XF correlators, measure the cross-correlation for a 
range of time lags T between the two voltage signals. This method is used to produce 
spectral output in the form of N visibility values for N frequency values, or channels , 
across a bandwidth /'11/. The Fourier transform of the cross-correlation, as a function 
of delay, gives the cross power spectrum of the signals as a function of frequency: 
00 
Tmn (ll, V, /J) = .f Xmn(U, 1' , , )e- jhVT dT 
-00 
(3.4) 
(D'Addario, 1986). Therefore the output of the correlator is the cross power spectrum 
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7'm,,(U, 1', /1) as is required for spectral line observations. Another type of correlator 
used by some arrays is the FX correlator. In these correlators the visibility data are 
first Fourier transformed from the time domain to the frequency domain. It is then 
cross multiplied with data from other antennas. The FX correlator output will then 
also he in the form of a cross power spectrum (Thomson ct aI., 2001, pg 290). 
3.3 Very Long Baseline Interferometry 
Conventional radio interferometers consist of arrays of antennas that are directly 
connected using one of several signal transport mechanisms, including transmission 
waveguides, radio links and fibre-optic cables. These links distribute a standard local 
oscillator reference to the antennas and transmit received signals to a correlator, 
enabling real-time correlation of the data. These arrays are known as connected-
element interferometers. The Very Large Array (VLA) is an example of a connected-
element interferometer that uses waveguide to transmit signals to a correlator. The 
antennas of the MERLIN array are eonnected by radio links, that are currently being 
upgraded to fibre-optic cable. 
Signal transport in connected-element arrays becomes increasingly difficult over 
longer baselines. Long baselines are desirable, however, because of t,he greater angular 
resolution they can provide. This motivated the development. of \'LBI, a technique 
that. uses baselines of up to thousands of kilometers. The Very Large Baseline Array 
(VLBA) 1 is a dedicated VLBI array of ten twenty-five meter radio telescopes spread 
across the United States of America. 
The antennas in VLBI arrays cannot currently be routinely directly eonnected, 
a fact which has two significant consequences. Firstly, independent local oscillators 
must be used at each antenna station. Secondly, the data cannot be directly correlated 
on-line. Instead, the data are converted to base-band, sampled, and written to high-
densit.y magnetic tape. The tapes are sent to a central correlator for subsequent off-
line processing. Correlators synchronize the tapes from each station in time, taking 
into account clock offsets, delay offsets and differing Doppler shifts at each antenna 
due to the rotation of the Earl,h. The data are correlated and written to commodity 
I ht.tp:! /www.aoc.nrao.eduJvlba/htmlf 
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magnetic tape to await furth er data processing. Current experiments are under way to 
connect VLBI antennas using high-speed network connections. This signal transport 
mechanism will likely be used for future VLBI arrays. 
The final stagrs of data processing are the calibration and imaging of the visibility 
data. T he calibration procrss accounts for t.he propagation effects encompassed in 
the instrumental response li.. Imaging is the process of Fourier transforming and 
deconvolving the visibility data to give the brightness distribution of the source. 
3.4 VLBI spectropolarimetry 
Techniques for VLBI observations in full polarisation have been developed over the 
past twenty years. Cotton et a!. (1984) and Roberts et a!. (1984) describe the con-
t inuum VLBI polarimetry techniques they used to image various radio sources. In 
bot.h cases, each antenna of the VLBl array recorded both left circular polarisation 
(LCP ) and right circular polarisation (RCP) signals, allowing t.he polarisation of the 
source radiation to be determined by their full cross-correlation. Early experiments in 
VLBI spectral line polarimetry are described by Garcia-Barreto et a!. (1988), Kemball 
(1992) and Kemball et a!. (1995). The discussion here is based on the description of 
Kemball (1992) and Kemball et a !. (1995). 
VLBI polarimetry is possible if some, or all, antennas in the array have feeds 
that receiw both orthogonally polarised signals. The complete spatial coherence of 
the electric field is then described by the correlations of these orthogonally polarised 
signals. If the antenna feeds measnre left and right circular polarisat.ions, then these 
correlations are LL, LR, RL and RR, where L and R represent the left and right 
circularly polarised signals respectively (Fomalont and Perley, 1989). 
The voltage induced in the antenna feed is the product of the response of the 
antenna feeds and the incident electric field vector of the electromagnetic radiation 
emitted by the sonrce. In practice, the two ortho-mode transducers or other po-
larizers ill t he feeds are imperfect. Each polarised feed admits some fraction of the 
orthogonally polarised radiation, as discussed by Morris et al. (1964) and Conway 
and Kronberg (1969) , an effect known as instrumental polarisation. Conway and 
Kronberg (1969) modelled the instrumental polarisation response by the use of two 
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leakage terms, which are complex numbers describing the response of the feed to its 
orthogonal polarisation. The leakage terms have come to be known as D-tenns. They 
are usually small , and assumed to be independent of t ime, frequency and direction in 
VLI3l observations (Kemball et al., 1995). Garcia-Barreto et al. (1988) calculated D-
terms of less than 10% for their observations of W3(OH) with a \'LBI array consisting 
of five antennas in the United States of America and one at Dwingeloo Observatory 
in the Netherlands. 
At frequency wand polarisation p, the volt.age detected by t.he feed is given by: 
VR = ERe- jo(') + DR ELe i (o(, )+,L-R ) 
VL = EL e -jo(t) + DC E Re1(o(t)+,R-I. ) 
(3.5) 
(3.6) 
where E and 'r" are phase terms added by propagation through the non-dispersive 
neutral atmosphere and dispersive ionosphere respectively. T he argument ' rR- L is 
shorthand for 'Y R - ' I D The parallactic angle art ) is the angle between the feed axis 
and the source meridian which changes over the course of the observations for alt-
azimuth antennas. Following Kemball (1992), the D-terms are DD for the LCP signal 
and DR for the Rep signal. 
The passage of this signal through t.he receiving system affects the gain and phase 
of the signal. The response of t.he system at an antenna m can be summarised by t.wo 
factors: the time variable gain Gm(t) and the normalised complex bandpass response 
Bm(w). In each sampled orthogonal polarisation, )J f {R, L}, the signal ~. becomes: 
(3.7) 
The cross power spectrum produced by cross-correlation and Fourier transform of the 
volt.ages Ii' at two antennas m and n is: 
rpq ('u 'V w) = (GP G,q)(BP B,q) x J J < VP(w)Vq,(w) > e - jh(lu+mv)dldm Inn , ) m J n m n m n (3.8) 
n 
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where the polarisation reception (p, q) f {R, L}. 
The polarisation state of the radiation from t he source is fully described by the 
four Stokes parameters, I, Q, U and V. The parameter I is the total intensity of 
the radiation, Q and U describe t he linear polarisation and V describes t he c:ircular 
polarisation. T he correlation of the signal from two circularly polarised feeds, LL, 
LR, RL and RR, can be expressed as: 
< ELEL • > = LL = I (u, v) + V(u. , v) 
< ERE R• > = RR = I (u, v) - F(u, v) 
< EREL• > RL Q(u, v) + jU(u, v) 
< ELER• > = LR Q(v, , ,) - j U(u., v) 
(Conway and Kronberg, 1969). The Stokes parameters in the visibility plane are the 
Fourier transform of the image plane Stokes parameters: 
1 (3.9) I(u , v) =;. I(l, m) = 2[U + nn] 
V(u , v) 1 (3.10) =;. V(l, en) = 2 [U - nn] 
Q(u,v) 1 (3.11) =;. Q(l, m) = 2 [n.e + .en] 
U(u, v) =;. U(l, m) = % [.en + nc] (3.12) 
where C.e , nn, n.e and .en are the visibility counterparts of LL, RR, RL and LR, 
ill unit.s of correlated flux density and =;. denotes a Fourier transform relationship 
(Kemball et al., 1995). 
T he cross power spectrum described by Equation 3.8 can be written in terms of the 
visibility counterparts of the Stokes parameters. Using Eqnation 3.6 in Equation 3.8: 
,.:;::;(u,v,w) = (G:;'G~R)(B~B~R) [(nn)e-j(<>m - On) 
+ (nL)D,~' e-j(o",+o")ej-, ,~-L 
+ (Cn)D:;'ej(o",+o' )eJ-!i;,-R 
+ (.e.e)D:;' D:' ej(o", -o" )d-(f;.-R __ ,~- R] 
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.,.LL ( ,U V' w) 
nllt ~ , 
rDR (, v ,) mn 11, ,W 
+ (.cn)D;;'"1(o,,, +o" ) en,~-R 
+ (n.c )D;;'e- j(u",+onieh!;,- L 
+ (nn )D;;,D;;' e- j(o", - 0 ,,) ,,1-,::O - L -7,~ - L J 
+ (nn)D~'e-j(o", -n")eh,~ - R 
+ (.c.c)D;;;ei(o,,, - ,,,, ),,1·,t.- R 
R L .( + ) . L - R H - [, + (.cn)D D ' c1o", n .. (,J-'''' -,,, J 
171 n - , 
(G;;'G~R)(B;;,B;R ) [ (.cn)ej(O,"+O ,, ) 
+ ( .c.c) D:'ej(o", -n")eh~ - L 
+ (nn)D;;,e- j(n",-n")Ch ::'- R 
+ (R£)D~D,~* e-j (a"' +Q <l )eh!:; - l' -"f~ - R l (3.13) 
(Kemball et aI., 1995). For nearly perfect antenna feeds, the second order terms in 
Equation 3.13 are small. So terms of order O(D.R . .c), O(D . .cn) or O(D2) can be 
neglected (Roberts et aI., 1984), which linearises the equations: 
r;;,~(u,'U,w) 
(G!G~L)(B:;;B:.L) [ (n.c )e- i(o", - o,, ) 
+ (RR)D~* c- j (Q,,, +O!n) cj~(·~- R 
+ (.c£)D!"1(o,,, - on )ei-,;.- R
J 
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3.5 Calibration 
+ (CC)D:;"d(n", - a" )"J7:- L 
+ (RR)D;;'e-j (n ... - a, )ej,~-Ll 
(3.14) 
The cross power spectra described by Equations 3.13 and 3.14 cannot be directly 
transformed into a brightness distribntion, because the observations are influenced 
by propagation and instrumental effects. Calibration is the process of removing these 
effects to estimate t he true visibilities, RR, CC, RC and CR from the observed cross 
power spectra 'r~nCu, v,w). The calibration technique used in this thesis follows the 
technique used by Kemball et aL (1995). 
Polarisation observations require additional calibration steps to those needed for 
standard sprctroscopy: 
• The difl'erent receivers and elect.ronics at each antenna for each polarisation 
have phase and delay offsets between the orthogonally polarised signals. These 
offsets could be caused by differing cable length, fi lters or receiving electronics, 
and must be determined and removed . 
• The D- terms must be determined and used to correct the r::;~ and r~,~ data. 
The calibration method is outlined here, in preparat ion for Chapter 4, where the 
data reduction procedure used for the \,Y Cl\1a data is discussed in detaiL The major 
calibration steps deal with the bandpass response B:;' and the amplitude and phase 
parts of the gain term term C:;': 
(3.15) 
where g~, describes the amplit,ude gain and dY,;, the phase gain at antenna 1)1, for 
polarisation p. In spectral line VLBI, observations of the target source are interleaved 
with observations of a continuum source. The continuum source data are used in a 
number of calibration steps. 
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3.5 .1 Bandpass calibration 
The antenna-based bandpass frequency responses arc determined using the parallel-
hand croSS power spectra of a point source continuum calibrator. Residual delays , 
which introduce phase slopes in the frequency domain, are removed from t he calibra-
tor data and the data are averaged over t ime before the bandpass fi t is attemp ted. 
The bandpass fi t is performed for each channel in the parallel-hand spectrum simul-
taneously by varying the bandpass response for eac.h antenna and polarisation to 
minimize the X2 error: 
N, L I lr~n(wl) - B~(w!lB~'(wdll (3. 16) 
m =1 n= m+ l 1= 1 
where Na is the number of antennas, Nc is the number of channels, and r~f,.(wl ) is 
the pre-averag0d calibrator spectrum for antenna pair (nt, n), at channel frequency WI. 
The complex bandpass responses B:~(0.)!l found by this met,hod describe the frequency 
response of antenna In for polarisation p. A reference anten na is chosen, and the 
phase response of the bandpass of that antenna is set to zero. The phase components 
of the other band passes are adjusted to be relative to the reference antenna. This is 
necessary because the full set of equations for the phase response is under-determined 
as the cross-correlat ion data contains information about t he phase difference between 
antennas only. T he bandpass responses are smoothed and used to correct the source 
autocorrelation and cross-correla tion data as follows: 
(Kemball et a!. , 1995). 
r~m - B~l(W) 
13~(w) 
GO 
(3 .17) 
(3 .18) 
3.5.2 Amplitude calibration 
The goal of the amplitude calibration process is to convert the uncalibrated cross-
correlation spectra to unit.s of correlated flux density, in Jy. To do this, the cross-
correlation spectra are scaled by the geometric mean of the system equivalent flnx 
densities (SEFD) of the antenna pair involved. The SEFD for antenna In is the 
product of the effective system temperature T,ys and the point source sensitivity PSS 
of the antenna, SEFD = T,y, x PSS. So the amplitude calibration to be applied to 
the continuum cross-correlation data is: 
r;,;;, = b v'SEFDm SEFDn r~~n (3.19) 
where the factor b accounts for digitisation and sampling losses (Reid, 1995). The 
point source sensitivity of an antenna is directly proportional to its effective collecting 
area. This relationship is described by the gain curve of the antenna, which is the 
point source sensitivity as a function of elevation angle. By determining the point 
source sensitivity from the known ant.enna gain curve and using system temperatures 
obtained by noise diode measurements, the system equivalent flux density can be 
found and used to perform the amplitude gain calibration. The resu lt will a calibrated 
cross-correlation spectra in units of Jy (l\loran and Dhawan, 1995). 
The amplitude calibration factors for the spectral line data for the target source, 
\,Y eMa, can be deterIl).ined more accurately using a template-fitting method (Reid 
et aI., 1980). In this method the elevation-dependent gain factors are determined by 
fitting each autocorrelation spectrum to a calibrat,ed template spectrum rP(w) selected 
from the data for its high signal-to-noise ratio. Every other spectrum is compared to 
this template spectrum in a least squares sense. The differences are used to estimat,e 
a single multiplicative quality factor Qm, for each antenna and each solution interval, 
which will scale the spectrum to fit the template spectrum. The quali ty factor is 
defined by: 
rPP (w) = Q rP(w ) nun nl (3.20) 
where r~m (w) is the autocorrelation spectrum for antenna m and polarisation p. The 
quality factors are determined by minimizing the sum of squares of r~fm(w) - Qmr(w) 
for each antenna and polarisation in each solution interval. 
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For full polarisat. ion observations, the gains determined by t.he amplitude calibra-
tion procedure suffer from a Iii L amplit.ude offset caused by t.he unknown absolute 
calibration of the LL template spectrum relative to the RR template spectrum. Sev-
eralmethods are used t.o solve for the differential polarisation gain gain , g{!- D Ampli-
tude self-calibration of a continuum calibrator source with zero circular polarisation 
will give the residual RR and LL amplitude gains. The ratio of these values is the 
polarisation offset sought (Kemball , 1999). Kemball etai. (1995) find g{!- L directly 
from the T~~ and r~,~ continuum calibrator data. The data reduction method used in 
this thesis fits the RCP template spectrum to the LCP template spectrum applying 
the Reid et al. (1980) technique discussed above to perform the fit. The offset be-
tween the LCP and RCP template spectra is the differential polarisation gain desired, 
assuming integrated Stokes V is small, as is true for these data. This technique was 
used by Diamond and Kemball (2003) for the reduction of VLBA SiO maser data. 
3.5 .3 Phase calibration 
Phase cali bration deals with the phase gain term in Equation 3.15. All known instru-
mental and propagation effects arc removed a priori, leaving a residual phase error 
from clock errors, errors in the cOiTelator model , propagation through the receiving 
system and atmospheric fluctuations. The residual phase can be approximated by a 
linear slope over time and frequency: 
~,(W, t) = (w - Wo)( T;;, - T6 ) + (~, - ,;,g)(t - to) + (~ - 4>g) (3.21 ) 
where T~, is the residual group delay, 4>::' is the residual fringe rate, ~ is the residual 
phase at antenna rn for polarisation p and rn = 0 at the reference antenna. The other 
two subscript zero value.s are the frequency edge of the band Wo and a reference t ime 
to (Kemball et ai. , 1995) . T he residual group delay is T~, = Dt:, and the residual 
fringe rate is e~, = 8~f" These gradients effectively approximate the phase error by 
linear slopes in time and frequency over short time intervals, with an offset of the 
resid ual phase. 
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Fringe fitting 
The optimum delay and rate residuals are determined by searching the delay and 
fringe rate space for a pail' of "alues that maximizes the correlation function. This 
process is known as fringe fitting. For spectral line sources the search is best done in 
the fringe rate and frequency domain as the signal is sharper in each of these domains 
than in their Fourier conjugates, t ime and delay (Heid , 1993). 
One cause of residual delays is the differing local oscillator signals at each antenna. 
The local clocks may have an offsets and slow drifts. R.esidual delay errors are primar-
ily caused by t hese clock offsets and residual propagation and electronic group delays 
in the signal path. Errors in the position of the antennas or source, or frequency 
offsets in the local osci llator may cause the residual fringe rate (Thomson et aI., 2001, 
pg 326). The residual dday and rate errors originate largely in individual antennas 
and can consequently be treated in an antenna-based manner. For an array of N 
antennas, data from N(N - 1)/2 baselines is available to find the N antenna-based 
rates and delays. A reference antenna is required for the phase cali bration in the 
same way that it was for the bandpass calibration and because baseline-based data 
are used to estimate antenna-based gains the residual delay and rate at the reference 
antenna are set to zero. The delays and rates of other antennas are measured relative 
to those of the reference antenna. This method of fringe fitting is termed global fringe 
fitting, a technique developed by Schwab and Cotton (1983) . 
In the case of spectral line VLBI, the residual delays for each antenna are found 
by fringe fitting the continuum calibrator data. For maser observations in particular, 
the residual rate can be found by using a frequency channel ill the target source data 
exhibiting a strong maser peak as a phase reference, as described by Reid et a!. (1980). 
A fringe fit of this channel is performed llsing a point source model , with a residual 
delay of zero. The rate determined by this fringe fit can t hen be applied to all of the 
channels. 
As implied by Equation 3.21 , the phase gain is not independent of polarisation. 
The phase gain at each antenna will be referenced to a single chosen antenna but 
there will be a phase offset between the LCP and RCP phase gain at this reference 
antenna. Corrections for these polarisation offsets are discussed below. 
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Self-calibration 
Wit.h the residual delays and rates removed, the visibility data still include a phase 
offset ¢1:" . The iterative process of self-calibrat ion is used to find the residual phase. 
A review of this technique is given by Pearson and Readhead (1984) . 
Both the residual gain and source structure are estimated by a least-squares fit 
of the visibility dat.a to the Fourier transform of a trial source model T",,,(Uk, vkl, to 
In inimize: 
Na No 
x2 = L L L amn(t.)[r m,,(-Uk, Vk, We) - dm(tkld;,(tdfmnCUk, vklf (3.22) 
k m::;;.ln=m+l 
where amn are weights, dm are the residual gains to be determined and We is the refer-
ence channel frequency (Pearson and Readheacl , 1984; Kemball, 1992). The residual 
gain solutions provided by fitting Equation 3.22 are applied to the corre.lation func-
tion data. The corrected correlation functions are Fourier transformed to give a new 
source map. The method used to Fourier transform the dat.a to give a source map is 
outlined in Section 3.6. The map is used as a new trial map in a second iteration of 
the self-calibration procedure. The initial trial source model is only a rough approxi-
mation to the true source structure, so this iterative procedure is required to find the 
correct residual phase gains (Thomson et aI., 2001, pg 441). 
The residual phase is not assumed to vary with frequency across the observed 
spectrallille bandwidth, so for maser observations a self-calibration can be performed 
on a single frequency channel and the gain solution applied to all channels. The 
emission in the channel chosen for use in the self-calibration must be strong enough 
to allow high signal-to-noise ratio phase solutions a.nd must not be too complex. 
Polarisation offsets 
Differences in the LCP and RCP phase calibration arises because the signal in each 
polarisation passes through different electronics in the receiver system (Roberts et aI., 
1994). 
If the phase gains for the RCP and LCP data, <tit:; (w, t) and ¢~, (w, t), are deter-
mined in indepPlldent self-calibration, then there will be a positional offset between 
the two data sets, if the source is sufficiently circularly polarised (Kemball et aI., 
1995). For this reason the phase gain is initially solved for in one polarisation onl~', 
say LCP, relative to a reference antenna. The polarisat ion offset between the LCP 
and RCP phase gain at the reference antenna is t.hen determined and added to the 
LCP gain to find the RCP phase gain , without losing the positional coincidence. 
The polarisation offset consists of delay and phase residual offsets. There is no 
significant residual fringe rate offset in VLBl observations over the time intervals 
required for Equation 3.21 to hold (Kemball et aI. , 1995). 
The residnal delay and phase offsets at the reference antenna are given by: 
These polarisation corrections are added to Equation 3.21. If LCP is taken as the 
reference polarisation, then the final phase gains are: 
¢;;, = (T~ - Tl)(w - wo) + (O~. - ot)(t - to) + (O{;, - e~) 
¢;;, = (Tn~ - ToR + OTOR- L)(W - wo) + (O~. - ot + OO,~-L)(t - to) 
+(0;;' - O~ + OO:;'-L) (3.23) 
The delay offsets at a particular antenna are found from the cross-hand delays, 
T;;'"" , and parallel-hand delays, T~r.. for baseline (m, n) of the continuum calibrator: 
So t he delay offsets at a single antenna can be found from every baseline to that 
antenna. The delay offset at the reference antenna is found in this manner and 
applied according to Equation 3.23. This technique for finding the delay offsets was 
developed by Brown et al. (1989). 
The residnal phase polarisation offset at the reference antenna is also found from 
the coutiuuum calibrator, which is assumed to have negligible circula.r polarisation. 
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Following the method nsed in Kemball et al. (1995) , the phase offset can be deter-
mined from the parallel-hand basrline-based phases, cJ?f%n, by: 
,,,RR A,LL uR- L • R- L 
"*'m n - ':i"mll = U <.Jn - uCPm (3.24) 
where the baseline-base phase differences are found by dividing the RR by the LL 
data, which gives a phase which is the desired cJ?~~ - cfi;;:~. The set of Equations 3.24 
for each antenna pair can be solved for t he phase offsets up to an additive constant 
at the reference antenna. 
After correction of all relative R - L phase and delay offsets at the reference 
antenna, the absolute R - L phase remains unknown. This is equivalent to uncertaint.y 
in the absolute electric vector position angle on the sky (Kemball et aI. , 1995). To find 
the absolute electric vector position angle, a calibrator sonrce of known polarisation 
angle must be observed in conjnnction with the target source (Cotton, 1993) . The 
calibrator source data are calibrated and imaged and the relative polarisation position 
angle of the calibrator found. A polarisation position angle offset is determined by 
comparing the relative polarisation position angle of the calibrator with its known 
polarisation position angle. This offset can then be applied to the source data. 
3.5.4 Antenna feed calibration 
The final stage of VLBI spectral line polarisation calibration is solving for the 0-
terms discussed in Section 3.4. There are several met.hods used to fiud t he O-terms, 
depending on the type of continuum calibrator used. Kemball and Diamond (1997) 
use a method which finds the O-terms from the target source, rather than a calibrator. 
It is a modification of the similarity method developed by Cotton (1993) for continuum 
observations. Cotton (1993) makes the assumption that the linear polarisation is a 
scaled version of the total intensity. This is adapted to the spectral line case by 
assuming that the linear polarisation in each channel is a scaled version of the total 
intensity in that channel , channel i: 
Q(Wi) + jU(Wi) = 1;1 (Wi) (3.25 ) 
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where the linear polarisation is Q(Wi) + jU(W·i) and .!i is the scaling factor. The 
Pi scaling factors for each channel are solved for in conjunction with the D-terms 
(Kemball and Diamond, 1997). 
When the D-terms are known, the calibrated visibilities nn, .e.e, n.e and .en can 
be derived from Equation 3.14. 
3.6 Imaging 
Once the data are calibrated, all that remains is to Fourier transform the data to give 
the source brightness distribution: 
1(1,rn) = J J V(u,v)ci2«lu+mv)dudv (3.26) 
where V(u, v) is the visibility derived from the calibrated correlation function. This 
imaging process is discussed by Cornwell (1995). Unfortunately, the task is compli-
cated by the fact that the visibility data are sparsely sampled in the (u, v) plane. The 
effect of the sampling is expressed as a sampling function 5(u, v) which is mnltiplied 
by the visibili ty to give what is called the dirty image I D: 
(3.27) 
The dirty image is the convolution of the t rue image I and the Fourier transform 
of the sampling function , which is known as the dirty beam B , I = B * 10. A 
deconvolution algorithm is required to extract the true source brightness distribution 
from the dirty image. The CLEAN algorithm devised by Hogbom (1974) can be used 
for this purpose. The CLEAN process consists of subtracting a fraction of the dirty 
beam shape from the dirty map, where the dirty beam is centered at the point of 
maximum intensity on the dirty map. The fraction of the beam that is subtracted is 
called the loop gain. The subtraction is repeated with the new residual dirty map, 
where the subtracted dirty beam shape is now centered at the ma..ximum intensity of 
the new dirty map. The subtract,ions are repeated until the maximum intensity of 
the final dirty map is comparable to the noise level of the map. At this stage the 
components subtracted from the original map are returned to the map, but in the 
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form of clean beams, rather than dirty beams. The clean beam is the dirty beam 
without sidelobes. Clark (1980) developed a computationally efficient adapt ion of 
the original CLEAN algorithm known as the Clark CLEAN algorithm. 
The goal of imaging polarisation data is to produce maps of all four Stokes pa-
rameters, 1 , Q, U "ud V. The yisibility Stokes parameters, I, V , U and Q are derived 
from the visibility data using Equations 3.14. Equations 3.9 and 3.10 show t hat the 
Stokes I and V maps depend to first order on the parallel-hand .e.e and nn only. 
The Stokes Q and [/ maps depend to first order on the cross-hand .en and n.e, 
shown by Equations 3.11 and 3.12. Each image is independently deconvolved using 
the CLEAN algorithm. 
The following chapter describes the reduction of the VY CMa SiO data in detail. 
The theory outlined in this chapter is applied in the process of calibrating and imaging 
the VLBI data. 
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Chapter 4 
Data reduction 
4.1 Introduction 
The calibration of I,he VY CMa visibility data was undertaken within the Astronomi-
cal Image Processing System (AlPS)' environment. This software package is rou tinely 
used for the reduction and analysis of radio-interferometric data. It was developed, 
and is maintained, by the National Radio Astronomy Observatory (NRAO)2 ,\ users ' 
guide is available in the form of the AlPS Cookbook (Greisen, 2004). AlPS is the 
primary data reduction package for the VLBA. 
The AlPS calibration model stores the results of calibration steps in tables at-
tached to the visibility data flles . The raw visibility data is not corrected by the 
program until the information in the tables is deliberately applied to the data (Dia-
mond, 1995). 
This chapter describes the calibration steps applied to the VY CMa data and the 
imaging of the calibrated data. Within AlPS, the steps are performed by individual 
independent programs called tasks, which are launched from the main program. The 
primary calibration steps consist of finding the bandpass response, amplitude calibra-
tion , phase calibration and polarisation calibration. Observations were made of both 
the target source VY CMa and continuum calibrators in the schedule. A summary of 
the sequence of tasks used in the full calibration is shown in Figure ·1.14. Calibrations 
Ihttp: //www.aoe.urao.edu/aips 
2ht.tp://www.nrao.f'du 
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are built up incrementally in the associated tables . The final calibration tables con-
tain the full calibration parameters. Each step in the calibration and imaging process 
is described in further detail below. 
4.2 Observations 
These data formed part of the VLBA project BK18 on 2 December 199.!, spanning 
06:17:08 to 10:59:51 UT. The locations of the ten VLBA antennas are shown in 
Table 4.2, along with the station code abbreviations used in figures produced by 
AlPS. The cartesian component.s of the VLBA st.ation position are cited from the 
Goddard VLBI global solution 2004b3 . 
Observations of VY CMa were interposed with observations of a continuum cal-
ibrator, the quasar 0420-014. The continuum source was used as a bandpass, phase 
and polarisation calibrator. Five scans were scheduled of both VY CMa and 0420-014, 
each scan of approximat.ely twelve minutes in length. The VY C\la (IL, v)-coverage 
is shown in Figure 4.1. T he parameters IL and v are the projected baseline lengths in 
the plane orthogonal to the source direction, in units of observing wavelength. Each 
arc in the figure is produced by one antenna pair. The gaps in the arcs at t imes when 
the antennas were observing sources other than \TY CMa. 
Both left-circular and right-circular polarised signals were recorded at each an-
tenna and the data were cross-correlated in fu ll polarisation. The observing band 
was centred at a LSR velocity of 19 km.s- 1, with a bandwidth of 4 i\IHz. The 
4 MHz band was correlat,ed over 128 spectral channels of nominal width 31.25 kHz 
(0.217 km.s- 1). 
The data recorded at each antenna were writ.ten to magnetic tape and shipped to 
the VLBA cOlTeiator in Socorro. This correlator has an FX architecture. The corre-
lated visibility data were written to DAT tape in FITS format for further processing. 
"http://g('lllini.gsfc.nasa.guv/su!ut.iollS/2004b/ 
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Figure 4.1: The (u, v)-coverage for the VY CMa. observations. u and v are scaled in units 
of 109 A. 
4.3 Data loading 
The data from these tapes were read into AlPS by the task FITLD. No data were 
excluded based on weight threshold at this stage. T he da.ta were recorded with one-bi t 
(two-level) qnantisation. FITLD corrected for quantisation effects. 
4.4 Initial flagging 
The first step ill the data reduction process is the identification and removal of bad 
visibility data. Four initia.l flagging steps were performed on both the \ 'Y C/;la and 
calibrator data. 
The first flags applied were those generated by t he on-line observing software, 
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Figure 4.2: Plot of RCP system noise temperature versus elevation angle at the Brewster 
antenna for fom VY CMa seaus. The Brewster antenna was down for the first SCaIl. Each 
point denotes the average system temperature and average eleva.tion per scan. 
which removes all data known to be bad at the time of observation. The next step 
was flagging observations made below an elevation threshold of 10°. The removal of 
this data is required because of the rising system temperature due to the increasing 
atmospheric noise contribution at low elevation. The brightness temperatnre of the 
atmosphere T B as a function of elevation angle IJ is: 
( 4.1) 
where Tat is the temperature of tile atmosphere and TO is the zenith opacity. Equa-
tion 4.1 describes an exponential decrease in system temperature with increasing 
elevation angle, which is visible in Figure 4.2, a plot of system temperature versus 
elevation for the Brewster antenna scans. The rise in noise temperature with eleva-
tion is clear in this plot. In the second Brewster scan the average elevation angle 
was less than 10°, so this scan was flagged , along with all scans from other antennas 
meeting this criterion. The third set of flags was determined from the operator logs 
accompanying the data. These logs note problems recorded by the operator during 
the observing run. These first three flagging steps were performed using the AlPS 
task UVFLG. 
The final step was flagging by correlator weight. The correlation completeness 
weight is a measnre of the fraction of valid data present in each correlat ion integration 
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intervaL Data may be lost due to tape play back synchronisation errors . Figure 4.3 
displays graphs of weight versus t ime for the VY CMa autocorrelation data. Most 
of the data has a constant correlator weight, as expected. R.egions of lower weight 
were excluded by choosing appropriate weight cutoffs. T he weight cutoff determi ned 
from the YY CMa autocorrelation data weight plot was 0.16130. The same cutoff 
was used for the YY CMa cross-corre lation data. A cutoff of 0.32016 was used for the 
calibrator autocorrelat ion and cross-correlation data. This step wus performed using 
the task UYCOP. Figure 4A displays the weight versus time graphs with the weight 
flagging applied. 
4.5 Calibrator autocorrelation data 
The continuum calibrator 0420-014 was used to determine the autocorrelation band-
pass response. T he technique used to solve for the autocorrelation bandpass is out-
lined in Section 3.5.1. 
4 .5 .1 Calibrator autocorrelation editing 
Before solving for the autocorrelation bandpass response, a fi nal interactive fl agging 
step was undertaken on the 0420-014 autocorrelation data with the AlPS task !BLED. 
!BLED displays the visibility plot for a single baseline, averaged over multiple spectral 
channels, on a graphics device. Outlier points are interactively identified and fl agged. 
All of the Owens Valley data were fl agged in t he au tocorrelation data of the calibration 
source at this stage. T his was done because the !BLED plots of the left circular 
polarisation Owens Valley data showed much higher values than the other antennas, 
indicating a left circular polarisation problem at this antenna. 
4.5.2 Autocorrelation bandpass 
After final interactive flagging, the task CPASS was used to determine the antenna-
based autocorrelation bandpass responses. This task models the ba.ndpass profil e as 
a Chebyshev polynomial expansion. The algori thm uses least-squares minimisation 
so it is sensitive to out liers and requires the previous fl agging steps to achieve the 
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Figure 4.3: VY CMa autocorrelation plot.s of correlator weight vs time for antennas Brew-
ster and Hancock for the RR data. The on-lino, elevation and operator log flagging has 
been applied. Note the regions of low weight below the threshold of 0.1613. 
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Figure 4.4: VY CMa autocorrelation plots of correlator weight vs time for antennas Brew-
ster and Hancock for the RR data. The on-line, elevation and operator log and correlator 
weight flagging has been applied. 
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Figure 4.5: Normalised Rep autocorrelation bandpass responses for each antenua. The 
axes are normalised amplitude versus channel number. The antenna station code is in 
the top len corner of each figure. The text at the bottom left indicates the intermediate 
frequency band used for the bandpass solutions, IF 1, and the polarisation in brackets. 
best solution. The bandpass profiles produced were examined, any further flagging 
performed as necessary, and CPASS rerun. The normalised RCP autocorrelation 
bandpass profile for each antenna is shown in Figure 4.5. 
4.6 VY CMa autocorrelation data 
The antenna-based bandpass r~sponses determined using the continuum calibrator 
data were applied to the VY C:l.1a spectral line autocorrelation data. The VY CMa 
autocorrelation data were then used to derive the amplitude calibration described in 
Section 3.5.2. Final interactive flagging of the VY Cl\la autocorrelation data was 
performed using !BLED, in a similar manner to the calibrator autocorrelation data. 
4.6.1 Velocity shifting 
The VLBA does not make any real-time Doppler frequency correction , beyond a mean 
correction for the centre of the run set in the observing file, so the spectral profile will 
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Figure 4.6: Doppler-shifted VY CMa autocorrelation spectra ill RR, averaged over the full 
observ ing fun. The ordiuate is amplitude, in llllcalibrated units, alld the abscissa is channel 
number. 
move in the observing band over time. The VLBA cOtTelator places the spectra in 
a geocentric frame, but fnrther velocity shifts are required to transform the spectra 
to the local standard of rest reference frame. These shifts are necessary because of 
t ime variable Doppler shifts due to the velocity of the sun with respect to the loca l 
standard of rest, the velocity of the earth-moon barycenter with respect to the sun , 
and the velocity of the earth's center with respect to the earth-moon barycenter. 
T he local standard of rest velocity of the band centre used during the observing is 
not preson'ed in the data fl ow through the correlator, and needs to be set explicitly 
with the task SETJY. T he velocity shifting was then applied by the task C\,EL, 
which shifts each autocorrelation spectrum to correct for the time varying residual 
Doppler shift, to place the spectra in the local standard of rest reference frame. The 
calibrator aut.ocorrelation bandpasses determined by CPASS were also applied during 
this step. 
The VY CJ\.Ia autocorrelation spectra after the Doppler shift corrections were 
made are shown in F igure -l .6. T he correction is small , with the spectra being shifted 
by only a fraction of a channel , as expected. 
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Figure 4.7: The template spectra at Los Alamos . The ordinates are amplitude, in units of 
Jy, and the abscissas are channel uumber. The left figure is the RR templato spectrum and 
the right figure is the LL template spectrum. 
4.6.2 Amplitude calibration 
The template-fitting mpthod developed by Reid et aL (1980) was used to perform the 
amplitude calibration of the autocorrelation data. The template scan required bv this 
technique needs to have a high signal-to- noise ratio . The fourth scan, from 09:47 to 
09:59, at the Los Alamos ant.enna, was chosen to be the most suitable. The right and 
left circular polarised autocorrelation spectra of this scan are shown in F igure 4.7. 
T he mean system temperatures for the template scans in each polarisation were 
determined from the calibration fil es accompanying the data to be 161. 1 K for RCP 
and 160.9 K for LCP. 
The average elevation angle of Los Alamos during the template scan was 28.40 • 
The correponding zenith angle of 61.60 was used to calculate the point source sensi-
tivity PSS of the antenna during this scan, using the expression: 
(-1.2) 
where z is the zenith angle. The zenith angle polynomial expression must be scaled by 
a gain factor , Go, and inverted to yield the point source sensitivity. The coefficients 
a, b, c and d are measured periodically for the receivers at each VLBA antenna, and 
are provided to observers by VLBA Operations. The gain factor and coefficients 
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Figure 1.8: The point sonrce sensitivity " function of elevation angle for the Los Alamos 
anteuua at 7 111m. 
provided for Los Alamos during this observation were: 
Go = 0.097 
a = 0.574 
b = 2.011 e-2 
c = - 2.193 e-'; 
d = -3 .024 p-7 
These values were taken from VL13A gain calibration text files. The same value of Go 
was used for both the RCP and LCP data. A plot of the point source sensitivity given 
by Equation 4.2 at Los Alamos for a range of elevation angles is shown in Figure 4.8. 
The resulting point source sensitivity for the template scan was 11.33 .Jy /K. 
The antenna-based system temperatures and point source sensitivities are required 
inputs to the amplitude calibrat. ion task ACF'IT. This t.ask fit.s the chosen template to 
to all autocorrelation spectra over successive solution intervals and over all frequency 
channels using a linear least-squares algorithm. A second degree residual quadratic 
spect,ral baseline was solved for in each solution interval, along with the relative gain 
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Figure 4.9: Calibrated VY Cl\la autocorrelation spectra in RR, averaged over the full 
observing rUll. The ord illates arc amplitude\ in units of kJYI and the abscissas are channel 
number. The amplitudc calibration was performed using the template spectra shown in 
Figure"4. 7 
factor with respect to the template spectrum. The system temperature and point 
source sensitivit.y for t,he t.emplate scan serve to translate the relative antenna-based 
gains determined by ACFlT to absolute gains. The ACFIT solutions were smoothed 
and dipped of outliers before being applied to the data. Figure 4.9 shows the RCP 
VY CMa autocorrelation spectra with the .\CFlT solutions applied. 
4.6.3 Polarisation offset: Amplitude 
The task ACFIT fits the RCP target source autocorrelat.ion data to the RCP template 
spectrum shown, and the LCP target source autocorrelation data to the LCP template 
spectrum. This leaves an unknown amplitude offset between the two template spectra. 
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ACFJT was used again to find this offset by fitting the LCP template spectrum to 
the RCP template spectrum, following the method described in Section 3.5.2. This 
method relies on the assumption that the integrated Stokes \ ' is negligible, as is the 
case for these data. The differential scaling factor for the template scan was found to 
, 
hp. 0.979 for the VY CMa data. 
4.7 Calibrator cross-correlation data 
The continuum calibrator cross-correlation data were used to find the composite band-
pass response of the system and to derive elements of the required phase calibrat.ion. 
The template spect.rum fitting method can only be used for spectral-line data. For 
the continuum calibrator data t.he amplitude calibration was petformed using the task 
APCAL, that uses system temperatures measured throughout the observing period 
and gain information for each antenna and receiver as described in Section 3.5.2. The 
effect of the parallactic angle was also accounted for at this stage, using the task 
CLCOR. 
The data was interactively flagged before solving for the cross-correlation bandpass 
responses, as it was for the autocorrelation bandpass responses. The cross-correlation 
data had to be averaged in t ime and frequency prior to the interactive flagging step, 
which requires a preliminary fringe fit to be performed to correct for the residual fringe 
rates and delays. Before the fringe fit, the cross-correlation continuum calibrator data 
was averaged in frequency over eight channels by the task AVSPC. The fringe fit was 
then performed using the task FR1NG, applying the previously determined parallactic 
angle and amplitude corrections prior to fringe fitting. The group delay and fringe 
rate solutions were applied to the data before interactive flagging using IBLED. 
4.7.1 Cross-correlation bandpass 
The cross-correlation bandpass response was determined using the task CPASS . The 
interactive flags perviously determined using IBLED lVere applied in advance of a 
second fringe fit for residual group delays and fringe rates. The final fringe fit solut ions 
were applied ill CPASS in soh'ing for the complex antenna-based cross-correlation 
bandpass response. At 43 G Hz the amplitude response of the autocorrelation data has 
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Figure 4.10: The full Rep anteuna-ba.sed bandpa.'8cs for each antenna. The abscissa is 
channel number. The ordinate of the top frame of each figure is the phase of the band-
pass response in degrees. The ordinate of the bottom frame of each figure is normalised 
amplitude. 
much higher signal-to-noisp ratio thall that of the cross-correlation data. Therefore 
the original amplitude bandpass response determined by the autocorrelation data 
was used as the amplitude of the cross-correlatioll bandpass response, and CPASS 
was only used to determine the phase of the full complex bandpass response. Both 
amplitude and phase of the full bandpass responses are shown in Figure 4.10. The 
phase response is reasonably constant over the central channels, with approximately 
5' - 10° variations. Los Alamos was used as a reference antenna so it's phase was set 
to zero and other antenna phases are relative to Los Alamos. 
4.7.2 Phase calibration: Delay 
The calibrator cross-correlation data were fringe fit to determine the residual de-
lay by the process descri bed in Section 3.5.3. The amplitude calibration and the 
eroos-correlation bandpass response were applied to the data before the fringe fit was 
performed. The delay, rate and phase solutions determined by FRING were clipped to 
remove outliers and the delay solut.ions were smoothed by the task SNSl\lO. SNSMO 
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applied boxcar smoothing with a smoothing interval of 3 minutes. 
4.7.3 Polarisation offset: Phase 
The residual delay calibration procedure described in Section -1.7.2 determines the 
group delays relative to Rand L rpspectively at the reference antenna. This leaves 
a R-L group delay offset at the reference antenna This group delay offset between 
left and right polarisations at the reference antenna, Los Alamos , was found using an 
antenna-based method, similar to the technique of Brown et al. (1989). The rates and 
delays from the previous fringe fit performed in Section 4.7.2 were applied to a subset 
of the cross-correlation data comprising all baselines to the reference antenna, Los 
Alamos. The task SWPOL was used to switch the polarisation labelling, so FRING 
could be used to fringe fit the cross-hand polarisation data, RL and LR, rather than 
the usual LL and RR. This provides the residual LR and RL delays, which, after 
applying the parallel hand delays, are used to derive the group delay offsets. The 
LR and RL delay solutions were averaged to improve their signal-to-noise ratio and 
stored in a solution table with the task POLSN. They were also averaged in time 
over the length of the observations, as the R-L delay offset is expected to be constant 
over the entire duration of the observation. The delay offset for Los Alamos was 
-20.4 ± 1.9 ns, which is of the order of the delay offsets found by Roberts et al. 
(1994). This value was stored for application in the final calibration steps. 
The phaBe calibration procedure described iu Section ·1.8.2 finds the residnal phase 
for a single reference polarisation, here chosen to be RCP. The offset between the right 
circularly polarised and left circularly polarised calibration must then be determined 
in order to derive the phase correction for the LCP data. The phase RH.-LL offset was 
fonnd by averaging the calibrator cross-correlation data across all spect ral channels, 
then dividing the RR visibility data by the LL visibility data. T his division results 
in an amplitude which is the ratio of the RH and LL amplitudes, and a phase which 
is the difference between the RH. and LL phases. The A.IPS task DIFHL performs 
the division. A self-calibration was performed on these data using the task CALlB, 
which determines the calibration necessary to conform the data to a desired source 
model. The technique of self-calibration is discussed in Section 4.8.2. The model in 
this case was a point source at the phase centre. The left-right phase offsets remain 
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reasonably constant at each antenna, varying by lrss than 8' across the course of the 
observing run. 
These methods of finding the phase and group delay polarisation offsets are de-
scribed in Section 3.5.3. 
4.8 VY CMa cross-correlation data 
The calibrations determined from the continuum calibrator data and the VY CMa au-
tocorrelation data were then systematically applied to the cross-correlation \'Y CMa 
line data. Firstly, the complex bandpass response found in Section 4.7.1 was t ralls-
ferred to the VY Ci\Ia cross-correlation data. The cross-correlation line data, like 
the autocorrelation line data , were then corrected for the effect of Doppler shift by 
the task CVEL, having set the velocity and rest frequency of a reference channel 
with the task SETJY. The amplitude calibration determined for the autocorrelation 
line data in Section 4.6.2 was applied to the cross-correlation data. Parallactic angle 
corrections were applied, as they were to the calibrator data. The smoothed delay 
solutions from Section 4.7.2 were applied to the data, as well as the smoothed R-L 
delay offset from Section -1.7.3 and the ditlerential polarisation amplitude gain from 
Section -1.6.3 . 
4.8.1 Phase calibration: Rate 
The next calibrat.ion step was the determination of the residual fringe rate. The data 
were examined by baseline and channel to find a channel displaying an unresolved 
compaet maser spot which was visible on both short and long baselines. Channel 72 
was chosen on this basis, corresponding to a velocity of 17.479 km.s- 1 
T he residual fringe rate solution was found in an iterative manner. A preliminary 
fringe fit was performed on channel 72 with FRING - searching only for the ra.te 
solution. The fringe fit solution was applied to the data and a further round of 
interactive flagging was performed with !BLED on t.he channel 72 cross-correlat. ion 
data. The flagged data were removed and a final fringe fit performed on the reference 
channel. The fina l rate solutions were smoothecl ancl applied to both the right and 
left circular polarisation data. 
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It was assumed that there was no offset between the left and right polarisation 
residual fringe rates. This assumption can be made because the origins of fringe 
rates in the VLfll data are not polarisation dependant. A common local oscillator 
drives both RCP and LCP receiving systems, gi\~ng no polarisation fringe rate offset. 
Propagation through the neutral atmosphere does not give a polarisation fringe rate 
offset, and propagation through the ionosphere will also not have a significant effect 
on 43 GHz observations. 
4 .8.2 Self-calibration 
The final antenna-based phase corrections were determined through the process of 
self-calibration. T he self-ca.libration was performed using the two tasks CALlB and 
I!\1AGR on the RR data only. The ALPS task CALlB compares ,w data with visibil-
it ies derived from a. source model. It solves for the antenna-based gains required to 
bring the data into agreement with the model. CALlB was used in the phase only 
mode, to determine phase but not amplitude calibrat ions for the selected spectral 
reference channel. As in Section 4.8.1 , the reference channel was chosen to be chan-
nel 72. Following Reid et al. (1980) , t his channel is nsed as a phase reference source. 
Ii\IAGR was used as an imaging task which applies the Clark CLEAN algorithm 
(Clark , 1980). 
The CALIB phase gains were appli0d to the uv data and imaged with IMAGR. 
The image produced by lMAG H. was used as the input. model in the next CA.LIB-
IIIIAGH. iteration. 
The first step of this algorithm used a point source model of unit flux density in 
CALIB. The calibrated uv data were cleaned using IMAG R until the first negat.ive 
clean component was encountered. The next CALIB step used this I:VlAGH. image 
as the source model. The first, three iterations halted the IMAGR clean at the first 
negative clean component . Thereafter, the clean was halted when the ma.ximum 
absolute residual in the image was less than a prescribed limiting flux which varied 
with iteration number. 1<or the first three iterations the solution interval used in 
CALIB was held constant. The fourth and subsequent iterations linearly reduced the 
solution inten ·al nsed in CALIB and the flux limit used in IMAGR to yield a final 
solution interval of approximately 20 s and a target deconyolution threshold for the 
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Figure -1 .11: Plot of the paramet.ers used in each self-calibration iteration. T he flux limits 
used in IMAGR are shown on the left. The first three iterations were stopped when the 
first negative clean component was reached. Thereafter the fiux was decreased linearly 
from 4.79 Jy.beam- I to 1.1 Jy.bcam- I The solution interval used in CALIB is shown on 
the right. The first three iterations used a solutiol1 interval of 3.33 minutes . Thereafter 
the solut.ion iuterval was decrea.,ed liuearly from 3.33 minutes to 20 seconds. An eleventh 
iteration used a solution interval of 20 seconds again, and limiting flux of 0.7 Jy.beam- 1. 
final iteration. 
The filial flux should be a small multiple of the thermal noise S: 
SEFD S =-m=~==.= 
175 J IVvis OtcQrr!:l.l/ (4.3) 
where. '1), is the quatltisatiotl efficiency, which is assumed to be unity, iV. i• is the total 
number of \'isibility data points, liteorr is the correlator integration time and £1// is the 
bandwidth of the channel (Thomson et aI. , 2001 , pg 191) . A nominal zenith 7 mm 
SEFD of 1436 Jy was used (\\"robel and Ulvestad , 2004) with the channel width of 
31.25 kHz. The total number of visibilities in the flagged data was 9918 and the 
cOlTelator integration time was 4.718592 s, giving a thermal noise level of 0.04 Jy. 
The cell size used in IMAGR was 0.04 mas, which was approximately 1/ 8 of the 
PSF FWHM. A field size of 4096 by 4096 cells was used , given the angular extent of 
the SiO emission towards VY eM a, which is approximately 80 x 80 mas (Miyoshi , 
2003). 
Several sets of self-calibration parameters were explored to find the optimal values . 
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Ultimately the combination of solution interval and final CLEAN threshold that re-
su lted in the best final image was chosen. The images wpre judged according to their 
RMS noise, the integrated intensity of a Gaussian fitted to t he main component in 
the channel, the CLEAN threshold the final IMAG R step could clean down to before 
diverging, the total cleaned flux in the image and deepest negative component in the 
image. The parameter \'ailles used in the final self-calibration are shown in Figure 
4.11. A solution interval of 3.33 minutes was used for the first three iterations, which 
was linearly decreased over the next, seven iterations to 20 s. The CLEAN threshold 
was also linearly decreased from a value of 4.79 Jy in iteration number four, to a 
final value of 1.1 Jy. A final iteration dropped the CLEAN threshold to 700 mJy, the 
lowest value 1~1AG R would clean to before diverging. 
Figure 4.12 shows the Rl\lS noise in t he images produced in each step of this 
process, illllstrat,ing the successful use of self-calibration to improve the phase cali-
bration. The RMS noise was calculated in a region which contained no emission, a 
corner box of size approximately (10 x 10) % of the overall map dimensions. T he 
first map and final map, of iteration number 11, produced by lMAGR during the 
self-calibration are shown in Figure 1.1 3. A dramatic change ill the noise levels is 
clearly visible. A dynamic range of ~ 1470 was achieved for the fina l channel 72 
image in t,he self-calibration. 
Errors in the self-calibration and deconvolution lead to errors, such as deep neg-
atives, in the final maps. These errors are nsed to derive a t hreshold value for real 
maser emission, as described in Chapter 5. The calibration and deconvolution errors 
scale with peak !lux-density to first-order. VY C~Ia is a strong SiO maser emitt.er, 
so the thermal noise level was not reached because the systematic calibration errors 
are above the thermal noise limit. 
4 .8.3 Polarisation correction 
The right circular polarisation phase solution found by the self-cali bration process was 
applied to both the right and left circular polarisation data after applying the R-L 
offsets found from the calibrator cross-correlation data. The phase difference between 
the right and left circularly polarised data obtained in Section 4.7.3 was copied to a 
calibration table as a left-circular polarisation calibration. It was negated and applied 
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Figure .1.12: RMS noise in each of the eleven images produced by IMAGR at each iteration 
of the self-calibration process. 
to the data to perform the final correction. This procedure was performed by several 
runs of the task SNCOR. 
4.9 Image cubes 
At this stage the results of the full calibration process were contained in tables at-
tached to the VY Cl'da cross-correlation data. The final imaging step applied these 
tables to all of the visibility data, and imaged the full data cube. Channels 10 to 
118 werr. imaged with IMAGR using uniform gridding weighting. In order to avoid 
edge effects, the channels 1 to 9 and 119 to 128 were not imaged. The channels 
were individually imaged to form an image cube containing 109 images, one for each 
channel, of 4096 by 4096 cells each. The Stokes J and V image cubes were created 
from the LL and RR parallel-hand polarisation data only, as described in Section 
3.6. For the total intensity, Stokes I , image cube Il\lAGH used a restoring beam of 
1.087 x 0.370 mas in half-power with a position angle of - 8.7' . The restoring beam 
used for the Stokes V image cube was l.274 x 0.401 mas in half-power with a position 
anglp. of -12.4n 
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Figure 4.13: The ini tial (left) and final (right) channel 72 images produced in the self-
c<'\libratioll process. 
4.9.1 Feed calibration 
Imaging of the Stokes Q and [! parameters require a correction for instrumental 
polarisation. The ALPS task SPCAL was nsed to determine the D-tenns. This 
task assumes that the linear polarisation ill each channel is a scaled version of the 
corresponding total intensity, as described in Section 3.5.4. The amplitude and phase 
of the D-terms are listed ill Table 4.1. These D-terms were applied to the dat,a, and 
Stokes Q and U images cubes were created with I:vIAGR from the LR and RL data. 
IIIIAGH used a rest,oring beam of 1.274 x 0.401 mas in half-power with a position 
angle of -12.4' for the Stokes Q and [! image cubes. 
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Antenna DR DL 
Amplitude Phase Amplitude Phase 
[degJ [degJ 
BR o 1.3796 149.59 0.06100 47.35 
FR 0.02503 -113.29 0.04908 -68.62 
liN 0.09580 -45.50 0.00993 -90.60 
KP 0.03218 -59.80 0.01520 25.66 
LA 0.00103 -58.67 0.03290 -30.80 
MK 0.15598 28.01 0.09729 -96.67 
NL 0.04066 -129.20 0.02195 -77.49 
PT 0.04781 113.51 0.01809 -39.48 
SC 0.01554 -93.83 0.03816 -172.28 
Table .1.1: The D·tcnn amplitude and phase for the left aud right circ:ularly polarised feeds 
at each antenna. The D-tcnns arc complex numbers which describe the instrumental feed 
cross-polarisation contamination. 
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Antenna Abbreviation Cartesian Value V neertainty 
component [mmJ [mmJ 
St. Croix SC X 2607848521.82 0.489 
Y -5488069685.59 0.989 
Z 1932739539.62 0.548 
Hancock HN X 14-16375115.36 0.251 
Y -4447939653.94 0.590 
Z 4322306122.76 0.599 
N. Liberty NL X -130872253.82 0.210 
Y -4762317114.15 0.486 
Z 4226851039.05 0.514 
Fort Davis FD X -1324009126.11 0.242 
Y -5332181964.79 0,511 
Z 3231962473.17 0,513 
Los Alamos LA X -1449752358.72 0.230 
Y -4975298588.23 0.461 
Y 3709123927.82 0.504 
P ie Town PT X -2732333293.10 18.036 
Y -4217634736.49 27.010 
Z 3914491294.78 25.474 
Kitt Peak KP X -1995678626.36 0.267 
Y -5037317712.98 0.527 
Z 3357328129.97 0.540 
Owens Valley OV X -2409150112.48 0.281 
Y --1478573229.62 0.507 
Z 3838617399.97 0.557 
Brewster BR X -2112064976,18 0.258 
Y -3705356515.65 0.460 
Z 4726813799.25 0.566 
Mauna Kea MI< X -546·1074960.17 0.730 
Y -2495249115,62 0.581 
Z 2148296844.62 0.630 
Table 4.2: Cartesian components of the VLEA station position vectors, from t.he Goddard 
VLBI global solution 2004b 
90 
AC Data Reduction XC Data Reduction 
I I 
Calibrator Calibrator 
AC Bandpass XC Amplitude Calibration 
Parallactic Angle Correction 
VY CMa 
Velocity Shift XC Bandpass 
AC Amplitude Calibration Phase Calibrat,ion: Delay 
Polarisation Offset: Amplitude Polarisation Offset: Delay 
Pola.risatioll Offset: Pha!)(~ 
I 
VY CMa 
Velocity Shift 
PhFlse CalihratiOll: Rate 
Self-calibration 
Generate I, V cubes 
Feed Calibration 
Generate Q, U cubes 
Figure 4,14: Flowchart outlining the data reduction and imaging steps, 
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Chapter 5 
Results 
5.1 Introduction 
The imaging process described in Chapter 4 resulted in an image cube for each of the 
four Stokes parameters, I , Q, U and V. Each cube consists of 109 individual maps 
for each of the channels imaged. Maps of the Stokes I total intensity in each channel 
and the linear polarisation in each channel are shown in Appendix A and Appendix B 
respectively. Maps of each channel of the Stokes Q, U and V data cubes are shown 
in Appendix C, D and E of the electronic version of this thesis. Composite maps of 
the emission averaged over all frequency channels in the image cubes are shown in 
Figures 5.3 to 5.6. A similar composite map of the linearly polarised intensity in each 
channel is sbown in Figure 5.7. 
The total-power spectrum of the SiO emission observed is shown in Figure 5.1. 
Figure 5.2 shown the total flux in the final Stokes 1 map, Figure 5.3, summed over 
each pixel. There is a substantial amount of missing flux due to emission that is 
too resolved to be detected with VLBI. The flux recovered in the synthesis image is 
~ 40% of the total flux shown in Figure 5.1. The spatial distribution of this missing 
flux is unknown. 
In order to analyse the maser maps the properties of individual maser components 
must be extracted. This chapter describes the identification of maser components ill 
the total intensity data cube and the derivation of the polarisation properties of the 
components. 
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Figure 5.1: The total power spectrum at the Los Alamos antenna, averaged over the full 
observing period. The ordinat.e is Flux Density, in units of Jy_ 
5.2 Identifying maser components 
The individual channels in the Stokes 1, Q, U and 1/ cubes are subject to a non-
Gaussian noise distribution resulting from the calibration and imaging processes. 
Error propagation in thesn processes adds a non-Gaussian tail to the noise distribution 
(Kemball, 1992). A threshold level must be chosen, above which the map pixels are 
considered to represent real maser emission, and below which they are considered 
noise. This threshold was chosen by applying the technique of Kemball (1992). 
The off-source Rev1S in the channel maps is an underestimate of systematic cali-
bration and imaging errors, which vary across the map in practice. Negative values in 
the maps provide a measure of these systematic errors, as negative values should not 
occur in total intensity maps. Kemball (1992) broadened the off-source noise variance 
so that the deepest negative occurs with probability of 1/(4096 x 4096), assuming a 
Gaussian noise distribution, for a map of 4096 x 4096 pixels. 
The deepest negative value in each Stokes I image was found with the AlPS 
verb IMSTAT. These values were used to determine a broadened noise variance of 
i71 ~ 1 "'91/5.294 for the Stokes 1 maps. The noise variance was calculated for each 
channel map and threshold was chosen to be ten times this value. The necessity to 
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Figure 5.2: The flux density spectrum obtained from the final total intensity map, Figure 
5.3, by summing the intensity over all pixels ill the Inap. The ordinate is Flux Density, in 
units of Jy. 
have individual channel cutoffs is highlighted by Figures A.5 and A.6 in Appendix A. 
The maps of velocities 22 through 22.9 km.s- 1 have the highest flux densities of the 
cube and consequently greater deconvolution errors. This is seen in the high number 
of features in the maps of these velocities in Appendix A. The use of higher cutoffs 
for these maps ensures that only statistically significant features are retained. 
The AlPS task SAD was used to automatically find and fit two-dimensional Gaus-
sians to individual maser components in channels of the Stokes 1 image cube. SAD 
found regions of intensity above the specified threshold and merged these regions 
into islands of emission. A least squares algorithm was used to fit a two-dimensional 
Gaussian to each peak in this island region. The Ganssians were subtracted from the 
original images to form residual images. The residual images were examined for any 
emission greater than the cutoff intensity. A number of such regions were fonnd. Two-
dimensional Gaussians were manually fitted to these regions with the task .Jl\lFIT. A 
total of 322 Gaussian components were fitted in the channel maps. 
The Doppler width of an SiO line in the circull1stellar environment will span 
several of the 0.217 km.s- 1 velocity channels used in the observations. The v = 1 
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J= 2-1 SiO masers observed around VX Sgr by Doeleman et a1. (1998), for example, 
had line widths of the order of 0.5 km.s- l. Consequently real maser features should be 
present in a number of adjacent channel maps, colocated within the clean beam size. 
The Gaussia.n fitted components were grouped with components in adjacent channels 
which met this coincidence requirement. Components which were only present in one 
channel were rej ected. This resulted in a total of 81 groups, which were taken as 
individual maser components. Each component is about 1 ma.s in size. 
Full component details are shown in Table 5.1. The fu ll width at half maximum 
~v was derived from one-dimensional Gaussian fits to the component groups over 
frequency. This field is blank where a reliable fit was not possible. The right as-
cension and declination values were taken to be the peak position of the original 
two-dimensional Gaussian wh ich had the highest intensity of the group. These posi-
tions are relative to the phase center of the map, located at the maser feature used as a 
phase reference in the self- calibration process. Errors in the component positions were 
found by t.he met.hod of Condon (1997) , which deals with errors in elliptical Gaussian 
fits. Kogan (1996) put these errors into a cOllvenient form for right ascension 0: and 
declination (; measurements, 
2 2 1 (f)2. 2 · f)2 2 ' ) 
U a p2 8 1n (2) M sm 0+ m COS cP 
2 2 1 (f»' 2 · 02 2) U, = p2 8 1n(2) m sm () + At cos cp 
where ().H and Om are the major and minor axis of the fitted Gaussian respectively, and 
1> is the position angle of t,he major axis. The paramet.er p is a measure of the overall 
signal-to-noise ratio of the Gaussian fit . In the case of part ially r~solved source, where 
, 
the beam size is similar to the source size, the factor? is equal to 7t, the ratio of 
the squares of the broadened noise varia.nce and the intensity (Kogan, 1996). 
5.3 Polarisation 
While the Stokes parameters fully describe the polarisation of the source, the polari-
satiOll informatioll is more useful in the form of the fractional circular polarisation me 
and the fractional linear polarisation mi' These values are derived from the Stokes 
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parameters: 
(5.1 ) 
(5.2) 
where P = J Q2 + U2 In order to compare the four Stokes parameter image cubes, 
parameter values were extracted from the maps at the peak position of the original 
two-dimensional Ganssian fit which had the largest Stokes I value of each group. The 
values of each of the Stokes parameters at this pixel position were found with IMVAL 
and the fractional polarisations calculated using Equations 5.1 and 5.2. 
The noise distri bu tions of the polarisation paramet,ers are not Gaussian. The 
detection limit for each of these values is consequently found using the method sug-
gested by Kemball (1992). The measured off-peak RMS noise in each image, 0"7(w), 
O"?, (w), O"~(w) and O"t(w), was found in an off-source box in the corner of the image, 
using the task IMSTAT. These values were broadened using t he assumed Stokes I 
noise variance 0"/ to give 0",. = ,aO"?" O"Q = 80"~, 0"(' = ,RO'p., where /3 is given by 
,3 = 5.2;~:'~~ (W)' The thresholds used were: 
(5.3) 
1.65 [p + O'p p - O'p ] 
u/ ~ --- -J2 1 - 0"/ 1 +0"/ (5.4) 
/Q'1I7Q:.l+U:1O'U 2 
where O'p = p , 
The fractional linear polarisation has a Rice probability distribution so a corrected 
version m; of this value must be used so as not to overestimate the linear polarisation 
(Wardle and Kronberg, 1971): 
(5.5) 
where O'Qu = .,jO"QO"u assuming O"Q ~ O'r' (Kemball , 1992). The linear polarisation 
angle is given by: 
1 U 
X = :2 arctan ( Q) (5,6) 
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The eITor in the linear polarisatiou anglr. has a symmetric probability distribution 
with zero mean and consequently does not need to be corrected for statistical bias 
(Wardle and Kronberg, 1974). 
As described in Sec tion 3.5.3, the absolu te electric vector position angle is un-
known. The absolute posi tion angle was determined through VLA observations of 
the continuum calibrator source, 0420-014, and a source of known polarisation posi-
tion angle, 3C286. The electric vector position angle was transferred from the 3C286 
VLA data to the \,Y CMa \,LA data, and finally applied to the \ 'Y CMa \,LEA data 
used in this thesis. The VLA obsen-ations took place on 12 November 1994, shortly 
before the VLEA observations. T hese observations were also used by Kemball et al. 
(1996), who found a final posit ion angle offset of -7.8°, assuming an ahsolute polar-
isat.ion position angle of 33° for 3C28G. T he relat ive position angles calculated from 
the Stokes Q and [' data cubes were translated into absolute electric vector position 
angles by rotating the X values obtained by Equation 5.6 clockwise by 7.8°. T he 
linear polarisation vectors di splayed in Figure 5.7 and Appendix B have been rotated 
to show the absolu te polarisation position angles. 
T he Stokes parameter values and broadened noise variances for the identified 
components are displayed in Table 5.1 , along with the non-zero fractional circu lar 
polarisations, fractional linear polarisations and the absolute polarisation position 
angles for components displaying linear polarisation. The uncertainties ill me, m; 
and X quoted in the table are calculated from the corresponding Stokes parameter 
uncertainties following Boboltz (1997): 
1 
U e = I (5.7) 
1 
at =-I 
(5_8) 
(5 .9) 
The fo llo\"ing chapter describes the analysis of the VY CMa SiO maser data 
summarised in Table 5.1. 
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Figure 5.3: A coutour plot of the total intensity (Stokes I) maser emission towards VY CMa, 
~lYeraged over frequency. The contour levels are -100, -80, -60, -40, -20, -10, -5, 5, 10, 20, 40, 60, 80 
and 100% of the peak orightu('ss in the St.okrs I cube, 148.93 Jy /bca.m. The velocity of the emission 
is represented by the colour of the cout-ours, where thC' rcd features are the most redshiftcd a.nd blue 
features arc the most. blu('shiftt!d. TIl(! synthc'sised beam is displayed ill t he bottom left cocner, and 
is 1.087 x 0.370 mas in half-powN with a position angle of - 8.7° , 
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Figure 5.4: A cont.our plot of the Stokes \l maser emission towClrds VY CMa, averaged over 
frequency. The contuur b·ols are -100, -80. -60, -40 , -20, -10. 10, 20 , 40, 60, 80 and 100% of the 
peak brightness in Lhe Stokes V cube, 10.694 Jy/bcam. The velocity of the emission is represput('d 
by the colour of the contours, as for Figure 5.3. The synthesised beam is displa,yed ill t he bottom 
left. corner , and is 1.274 x 0.101 mas iu half-power with a position angle of - 12.4°, 
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Figure 5.5: A cont.our plot. of the Stokes Q maser emission towards VY eMu, averaged over 
frequency. The cont.our le\'ols are -100, -80, -60, -40, -20, -10, -5 , 5, 10, 20, 40, 60,80 and 100y, of 
the absolute yaluc of the peak brightness in t.he Stokes Q cube, -'-12.891 Jy Ibeam. The velocity of 
the ('mission is represented by t.he colour of the contours, as for Figure 5.3. The synthesised beam 
is displayed ill the bottom left COfUC' l" , and is 1.274 x OAOI mas ill half-powrr with a position angle 
of - 12.40 • 
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Figure 5.6: A contour plot of the Stokes U maser emission towards VY CMa, averaged over 
frequency. The contour levels arc -100, -80, -60, -40, -20, -10, -5, 5, 10, 20, 40, 60, 80 and 100'10 
of the peak brightness in the St.okes U cube, 75.699 Jy/beam. The velocity of the emissiun is 
represr·ut.ed by the colour of the contours, tiS fur Figure 5.3. The synthesised beam is displayed in 
the bottom left comer, and is 1.274 x 00401 mas in half-power wit.h a posi t ioll angle of -12.4°. 
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Figure 5.7: Linear polarization vectors for regions of intel1.ity greater than 5% of the peak 
intensity in the Stokes I image cube, 148.93 Jy/ beam. The fractional linear polarisation 
ml is represented by the length of the vect.ors, where 1 mas = l.25 Jyjbeam. The absolute 
polarisation position angle X is represented by the orientation of the vector in th" image. 
The velocity of the emission is represented by the colour of the contour., as for Figure 5.3. 
The synthesised he.am is displayed in the bottom left corner, and is l.274 x OAOl mas in 
half-power with a position angle of - 12.4°. 
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Chapter 6 
Analysis 
6.1 Introduction 
The SiO maser emission observed towards late-type stars originates in a complex, 
dynamic region of the circumstell ar envelope. Published VLBI maps of these regions 
show the masers to lie within a few stellar radii of the star, in the extended atmo-
sphere. The circumstellar material in these regions is influenced by stell ar pulsations, 
shocks, mass loss and turbulence. 
Diamond and Kernball (2003) recently published a time-lapse image sequence of 
the v = 1 .] = 1- 0 SiO masers towards TX Cam which consisted of 44 individual 
synthesis maps captured over a two year observing period. Although TX Cam is 
a l\lira-variable and displays a more regular SiO maser distribution than VY CMa, 
the variability of the maser emission during the "movie", the local infall and outflow 
superimposed on a global expansion of the shell , and the general asymmetry of the 
SiO emission give some indication of the typical complexity of the near-circumstellar 
envelopes around late-type stars. Single-dish spectra of v = 1 .] = 1-0 SiO emission 
towards late-type stars generally show high time variability, also reflecting the com-
plexity of the maser region (Pardo et aI. , 2004). The dynamic nature of the SiO maser 
emission means that any analysis of a single synthesis image must be done with care. 
A brief description of synthesis images of SiO maser emission towards late-type stars 
is given in Section 6.2. 
This chapter presents an astrophysical analysis of the images prodnced in this 
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thesis. The total intensity maser emission is sparse, with an irregular distribut ion 
concentrated in the east. The possibility of a ring structure is investigated in Section 
6.3.1. The next section , Section 6.3.2, looks for evidence of a bipolar flow in the SiO 
emission, followed by an examination of velocity gradients in the masers in Section 
6.3.3. The observed polarisation of the maser features is considered in Section 6.4, 
particularly with reference to the magnetic field in the maser shell region. 
It should be noted that the VLBA observations do not cover the entire velocit ' 
range of the v = 1 J = 1 - 0 emission towards VY CMa. T he single-dish spectra 
observed by Spencer et al. (1981), for example, show emission over a velocity range 
of almost 40 km.s- 1, while the VLBA data used in this thesis only spans about 
28 km.s-1 . T he single dish monitoring performed by Pardo et al. (2004) shows emis-
sion beyond 30 km.s- 1 around the t ime of the VLBA observations used in this thesis, 
which would have been missed by the velocity range of the VLBA observations. The 
redshifted emission observed by Pardo et al. (2004) is of similar strength to the weaker 
hlueshifted emission between 9 and 14 km.s- 1 in f igure 5.1. The missing emission 
may have an impact on the interpretation of the \ "LBA maps, but the effect of t his 
missing emission on images at the resolution of the VLBA is nnknown. VY CMa is 
known to be a variable SiO maser source (Pardo et ai. , 2004), and significant changes 
in the single-dish spectra do not necessarily imply major changes to the spatial mor-
phology of VLBI images as the changes in the spectra could be dne to unresolved 
emission, which would not be detected by VLBI observations, or changes in individ-
ual spot intensities. Possible implications of the missing emission will be mentioned 
in this chapter. 
6.2 Observed SiO maser distributions 
VLBI observations of SiO maser emission have been performed for a nnmber of late-
type stars. A selection of published synthesis images of SiO maser emission towards 
these objects are summarized in Table 6.1. These maps generally show sparse, irreg-
ular rings of clumpy emission situated between the stellar photosphere and the dust-
formation point. The estimated radii of the observed rings are listed in Table 6.1. 
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Source Name Classification SiO line Radius Ref. 
lH.] 
U Her Mira variable v - I J -1-0 ~2 1 
TX Cam Mira variable v=l J = 1-0 2 - 4 1 
W Hra Semi-regular pulsating star v=1,2 J =1-0 1 - 2 2 
VYCMa Pulsating variable star v=1 , 2.1 = 1-0 2 
VX Sgr Semi-regular pulsating star v= l J = 1-0 l.3 3 
TXCam Mira variable 11=1 J = 1-0 4 
R Aqr Mira variable v=1.1=1-0 l.9 5 
VX Sgr Semi-regular pulsating star v = l J =2- 1 < 1.5 6 
o Cet Mira variable v=l J =2- 1 7 
NML Cyg Variable star v= 1,2 J =1-0 8 
IRC +10011 Mira variable v=1,2 .1=1 -0 9 
X Cyg Mira variable 11=1 J=1-0 10 
X CV IT , ,, Mira variable v=l J =2- 1 10 
VY CMa Pulsating variable star v=1,2 J = 1-0 11 
Table 6.1: Published synthesis maps of SiO masers towards lato-type stars. 
References: 
1. Diamond et a1. (1994), 2. fi liyoshi ct a1. (1994) 3. Greenhill et a1. (1995) , 4. Humphreys et a1. 
(1996), 5. Boholt.z ct a1. (1997), G. Doeleman et a1. (1998), 7. Phillips and Boboltz (2000), 8. Boboltz 
and Marvel (2000), 9. Desrnurs et a1. (2000), 10. Desmurs et aJ. (2002), 11. Miyoshi (2003) 
The quoted values are subject to uncertainties in both the stellar distance and pho-
tospheric radius. Stellar classifications were taken from the SItl.fBAD databa~e' . The 
estimated radii of the 0 Cet and VY Cl\la rings are absent because these maps did 
not show clear evidence of a ring-like distribution of SiO maser emission in the tabu-
lated observations. Other sources radius estimates are absent because they were not 
published in the referenced papers. 
The v = 1 and 2, J = 1- 0 SiO rna..~er emission towards VY eMa has been mapped 
by ~Jiyoshi et al. (1994) and l\1iyoshi (2003) . The observation epochs were 1991 and 
1998 respectively, sandwiching the observations used in this thesis, which were made 
in 1994. The Miyoshi maps do not show an obvious ring distribution. The early maps 
show a maser region elongated in the northeast - southwest direction (Miyoshi et aI., 
1994). The later maps show the maser region observed in the early maps, as well as 
I http://~iIllbad.u-strasbg.fr /sim-fi<l.pl 
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new extensions in the northwest (Miyoshi , 2003). 
6.3 The total intensity maser distribution 
As shown iu Figure 5.1 , the Si 0 maser emission towards \,Y Cl\la extends 100 x 80 mas 
in right ascension and declination, making the SiO maser region about one fifth the 
size of the H2 0 and main line OH maser emission regions and about twenty times 
smaller t han t he OH 1612 MHz maser region. 
T he total intensity SiO maser map is similar to the maps of Miyoshi et al. (1994) 
and Miyoshi (2003), displaying the northeast - southwest region with pxtensions to the 
northwest , though the western emission is less extended than in the Miyoshi (2003) 
map. 
The maser components show a possible sparsely filled ring structure, with the emis-
sion concentrat.ed in the eastern region. The most extreme redshifted and blueshifted 
maser components lie on the inner edge of the ring, which is indicative of tangential 
amplification of these masers. The geometry of the maser distribution is determined 
by coherence in the velocity field of the masing gas . In regions of significant radial 
velocity gradient in a flow from a central star, the greatest coherence is found in the 
direction perpendicular to the radial outflow, tangential to the stellar surface. T his 
will resllit in maser emission in a ring around the star (Elitzllr, 1992 , pg 228). 
6.3.1 Shell model 
A circle was fitted to the spatial distribution of maser components listed in Table 5.1 
to examinine how t he data can be described by a typical ring distribntion. A least 
squares algorithm (Bucher , 1991) was used to perform the fit of the maser component 
positions, unweighted by flux density. The fitted circle shown ill Figure 6.1 has a 
radius of 32 mas. If we assume the stellar radius to be 10 mas, as suggested by 
the median of the values in Table 2.2, t his places the mean SiO maser shell radius 
at approximately 3 R., if we assume the stellar position is near the center of the 
fitted ring in this model. The radial distribution of maser emission extends from 15 
to 60 mas from the assumed centre, or equivalently from 1.5 - 6 R •. This range is 
reasonable when compared to SiO maser distributions around other late-type stars. 
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Figure 6.1: Maser components represented by crosses, with the origin at the centre of the 
fitted circle. The fitted circle has a radius of 32 mas. 
Silicon in the circumstellar envelope is expected to condense onto dust grains at 
the dnst formation radius, terminating the SiO maser region at this threshold. Several 
estimates of the dnst format ion radius are listed in Table 2.5 , with a median value of 
50 mas. Figure 6.2 is a plot of the angular distance from the stellar position versus 
the velocity of the maser components. The vast majority of the components fall 
within 50 mas of the assumed stellar position , and they all fall well within 160 mas, 
the largest value in Table 2.5. Similar plots to 6.2 were made assuming t he stellar 
position at the centroid of the maser components (Figure 6.3, left) and a position 
between the two major regions of emission in the southeast and the northeast (Figure 
6.3, right). Neither of these plots show a better fit to the expanding shell model than 
Figure 6.2 does, so the stellar position is assumed to be the centre of the circle fit. 
Ast.rometric observations of the 22 GHz H20 masers towards the mira variable U Her 
have shown that the central star may in fact not be in t.he center of the H20 maser 
emission (Ylemmings et a.l. , 2002b). The H20 maser distribut ion was also interpreted 
as a ring and the star was found to be located towards the edge of the ring. In light of 
this finding , VY CMa cannot be definately located near the center of the circle fitted 
to the SiO maser spots. If VY CMa is located towards the edge of the SiO maser 
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Figure 6.2: Plot of the distance of the maser components from the assumed stellar po-
sition versus the maser velocity. The crosses are observed maser cOJnponellts. The solid 
line is the standard expa.nding shell model described by Equation 6.1, with d = 32 mas, 
v. = 19.75 kllLS - 1 and Ve = 14 km.s - l 
ring then this would imply that the dynamics of the gas in the SiO maser region is 
much more complicated than the simple models which will be applied to the maser 
spot data. In all of the following analysis the stellar position is assumed to be the 
centre of the circle fit. 
OR masers towards late-type stars are commonly fitted to a simple thin expanding 
shell model (Reid et aI. , 1977): 
d(v) = R 1 _ (v - u. j2 
'0 2 e 
(6.1) 
where d is the observed angular distance of a particular ring from the central star, R 
is the angular radius of the shell , v is the observed velocity of the emission from the 
maser components, v .• is the stellar velocity and 'I'e is the stellar expansion velocity. 
The parameters R and v, are adjusted to fit the data. The solid line in the Figure 
6.2 shows a simple expanding shell model with stellar velocity 'o. = 19.75 km.s- 1 , 
the mean value of Table 2.3 , angular radius of R = 32 mas and expansion "elocity 
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Figure 6.3: Plot of the distance of the maser components from the assumed stellar position 
versus t,he maser velocity. The left figure uses t.he centroid of the maser components as the 
stellar position, and the right figure uses a point between the two major maser regions, as 
described in the text. 
Ve = 14 km.s- I 
The formal reduced chi-squared of the fit to the thin shell model is 5423, assuming 
that the variance in the data is only due to uncertainty in angnlar radius which was 
taken to be half the size of a pixel, 0.02 mas. Other possible physical causes of vari· 
ance, such as the thickness of the SiO maser shell or turbulence in the maser region, 
were not taken into account. The fit is not good, as seen by the hight chi-sqnared 
value, but it is not expected that SiO maser components will fit the simple expand-
ing shell model particularly well, given current models of tangential am plication of 
SiO masers due to radial acceleration in the maser region. However, Figure 6.2 does 
suggest a general trend of emission further from the stellar velocity occurring closer 
to the assumed stellar position. On this basis, redshifted emission missed by these 
VLBA maps may be expected to be towards the inner region of the maser distribu-
tion. Interferometric observations of the 'V = 0 J 2 - 1 thermal SiO emission 
towards a number of late-type stars suggests that the SiO generally resides in an 
accelera ting region of the circumstellar envelope (Lucas et a!. , 1992). The SiO maser 
region is also expected to be heavily influenced by shocks and ma.%-loss (Humphreys 
et a!. , 2002), which results in the complex velocity distribution of maser spots. 
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Figure 6.4: Plot of maser component distance along a 70° axis versus velocity. No linear 
trends are visible that would support a bipohr outflow model. 
6.3.2 Bipolar flow 
The recent VLA maps of the thermal v = 0 .] = 1- 0 SiO emission towards VY CMa 
show a possible bipolar outflow, with the outflow axis at a pOSition angle of ~ 70° 
(Shiunaga et a!., 2003). Mid-infrared images also show a possible east-west elongation, 
which may be evidence of a bipolar flow (Smith et aI., 2001). On the other hand, 
\iVittkowski et a!. (1998) proposed that the near-infrared elongation they observe 
at a position angle of about 160° is evidence of a north-south bipolar outflow that is 
caused by an east-west obscuring equatorial disk. Large scale optical and near-infrared 
images of VY CMa display a possible northeast - southwest axis of symmetry, which 
both Kastner and Weintraub (1998) and Monnier et a!. (1999b) attribnte to a possible 
bipolar structure. These optical observations of asymmetry are from dust emission 
much further from the star than the c:ircumstellar SiO masers. 
In light of these conflicting suggestions of bipolar structure, the l' = 1 .J = 1 - 0 
maser components measured in this work were examined for any evidence of such a 
bipolar outflow. Zijlstra et a!. (2001) considered bipolar flows from OH/II{ stars by 
examining the OH maser maps of the stars . For bipolar flow the velocity of the maser 
components should be proportional to their distance along the axis of the flow (Zijlstra 
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et aI., 2001). They identify bipolar flows t.hrough a linear relationship between the 
velocity of maser components and their distances from the central star. 
T he VY CMa SiO data were examined for linear trends in velocity versus dis-
tance along potential bipolar axes wi th position angles ranging from _45° to 135°. 
None of the plots displayed evidence of linear out flow. A plot of the distance of 
maser components along a 70' axis versus their velocity is induded as an example 
(Figure 6.4). 
6.3.3 Velocity gradients 
Velocity gra.dients with respect to posit ion angle a.round the maser shell have been 
observed in the SiO maser emission of several Mira variables. VLA maps of SiO masers 
towards R Aqr show such a vel.ocit.y gradient (Hollis et aI. , 2000), as do VLBA maps 
of TX Cam (Diamond et aI., 1994). Such gradients can be interpreted in terms of 
the rotation of the maser shell, although they could also simply be projection effects 
from inclined ellipsoidal outflows. Diamond et al. (1994) use the velocity gradient to 
find a potential rotat.ion velocity of Vrot sin i = 2 km.s- 1 for TX Cam, whpre i is the 
inclination angle of the assumed orbital axis and Vrot is the rotational velocity. Hollis 
et al. (2000) find a value of about 3.75 km .s- 1 for R Aqr, where they have used a 
known inclination angle. 
A plot. of tbe velocity of each maser component. against its position angle around 
the VY CMa maser shell is shown in Figure 6.5. Most of the maser components 
are concentrated to the ea~t of the map, with positive position angles. The sparse 
western components show a general decrease in velocity with position angle, which 
may be indicative of shell rotation. It cannot be known if observations of the missing 
redshifted emission wonld also displayed this linear trend in the western region of t he 
emission. If it was found to do so then it would confirm the presence of this velocity 
gradient. 
If the velocity gradient between posit ion angles of -150' and _50° is due to rotation, 
then the rotational period can be derived assuming a solid body model, which predicts 
a sinusoidal variation of velocity with position angle. Cotton et al. (2004) examined a 
number of stars for this velocity gradient and found that only R Aquarii and S Corona 
Boralis display a possible sinusoidal signature, from which they derived rotational 
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Figure 6.5: Plot of the velocity of the maser components versus the position angle of the 
component around the shell. 
velocities in the range 3 - 4 km.s-l . 
Figure 6.6 shows a solid body model sinusoid fitted to the -150° and _50' region 
of Figure 6.5. The curve describes the axpected velocity at the surface of a sphere of 
radius 32 mas, period 80 years , projected rotational velocity of 18 km.s- 1 and rotation 
axis in the east-west direction. A stellar velocity of 19.75 km.s- 1 was assumed, being 
the median value in Table 2.3. 
The observed velocity v is dependant on the inclination angle i: 
v = Vrot sin i + v * (6.2) 
The projected rotational velocity is vro< sin i = 18 km.s- 1 and thus the actual rota-
tional velocity of the maser shell "'rot is greater than 18 km.s- 1 , making the period 
correspondingly less. The period is expected to be larger than the 8 - 34 year period 
predicted for R Aqr, for example, because \iY CMa is a much larger star. A rotational 
velocity as large as 18 km.s- 1 would not generally be expected at the outer region 
of a red supergiant, envelope because the rotation of the star will decrease over the 
evolut.ionary path from the main sequence to the supergiant part of the Hertzsprung-
Russel diagram, and because the presence of such a high rotational velocity requires 
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Figure 6.6: Plot of the velocity of maser the components versus the position angle of the 
component around the shell. The solid line in the figure is a solid body rotatioll model with 
a east-west rotation axis and a period of 80 years. 
a mechanism to transport angu lar momentum through the extended stellar envelope 
(Soker and Harpaz, 1999). If the circumstellar envelope is undergoing solid body rota-
tion then there must be some coupling between the star and envelope that causes the 
envelope to co-rotate with the star. Doeleman et al. (1998) observed a linear velocity 
gradient in \ ·Y Sgr along a chord t.angent to the projected shell, which they attribute 
to solid body rotation. They suggest that the coupling between envelope and star 
could be created by magnetic field lines frozen into the circumstellar envelope. 
If the velocity signature observed in Figure 6.5 is due to solid body rotation, 
then the eastern region of the ring may be undergoing large bulk motions which will 
obscure the evidence of rotational motion, as suggested by Cotton et al. (2004) for 
their observations of r..lira variables. 
While the velocity gradients with position angle can be interpreted as evidence of 
rotation, they could also simply be projection effects. The velocity versus position 
angle profile of a tilted expanding disk, for example, may appear sinusoidal. Other 
asymmetrical outflows can also produce velocity gradients. Figures 6.7 to 6.10 each 
show a plot of the projected positions of 220 maser spots (left) and a plot of the 
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Figure 6.7: Expanding sphere: radius 48 AU, expansion velocity 14 km.s- l . 
• 
'. 
" 
' . 
.. 
.. : 
• 
~ .. 
• .. : 
.• 
~ , 
'. . , 
.... 
. " 
' . 
.• 
.• 
. " ~ .• ... 
RA I IAU] 
'. 
, 
'. ... 
., 
.. , 
.' 
.. .. • • ~ 
,It 
! " 
" . 
,'-, ... .. 
', ' " 
-, 
~_ 0 • 
.  
.~ ;\' . 
i: 
., 
.,~ .~ .~ ~ ~ ~ ~ - I~ -
P"'!dogr . .. 1 
F igure 6.8: Rotating sphere: radius 48 AU , linear rotational vciocity 10 km.s- l 
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Figure 6.9: Expanding disk: radius 48 AU, expansion velocity 14 km.s- l , i = 45° . 
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Figure 6.10: Expanding disk: radius ,18 AU, expansion velocity 14 km. s- I , i = 20°. 
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velocity of the components versus their position angles (right) for four geometries. 
Figures 6.7 and 6.8 are spheres of radius -18 AU (32 mas at 1.5 kpc) , with Figure 6.7 
showing a constant expansion of 14 km.s- 1 and Figure 6.8 showing solid body rotation 
of 10 km.s- 1 around an east.-west axis throngh the centre of the sphere, with no 
expansion. Figures 6.9 and 6.10 are flat disks of radius 48 AU, where Figure 6.9 is 
at an inclination angle of 45' and Fignre 6.10 is at an inclination angle of 20' . The 
maser spots were randomly placed in these geometries using Monte Carlo methods. 
No attempt was made to inclnde the effects of velocity coherence. These plots only 
serve to show the velocity signatures displayed by these very simple shell geometries. 
The expanding sphere does not show any velocity gradient with position angle. 
The position angle velocity gradient of the rotating sphere is sinusoidal. This ge-
ometry was used above to derive the 18 km.s- 1 projected rotational velocity for the 
VY CMa SiO maser region. The two disk geometry figures show how projection 
effects can mimic rotation. These disks are not rotating, yet their velocity versus 
position angle plots display a similar shape to those of the rotating shell , especially 
for the disk inclined at 45'. 
Boboltz and Marvel (2000) observed velocity gradients with radius in linear maser 
features towards :-iML Cyg. The features decreased in line of sight velocity with 
increasing distance from the star. They suggest that these features are due to local 
deceleration or turbulence. 
The longest linear feature in the total intensity maps of VY CMa presented here 
has a radial velocity gradient, as shown in Figure 6.11. It spans ten velocity channels, 
or 2.172 km.s- l. The frature encompasses three maser components at 30.949, 29.863 
and 29.428 km.s- l , with the 29.863 km.s- 1 component located t, a = 8.556 mas, 
t,(j = 32.752 mas relative to the phase centre. The yelocity of the feature decreases 
with increasing distance from the star. Such radial lincar features arc a property of 
tangent ial amplification. 
Shibata et al. (2004) did not find any systematic velocity gradients in their VLBI 
v = 1 J = 2 - 1 SiO maser maps of VY Cl\la. 
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Figure 6.11: Linear velocity gradient of a maser feature over 2.172 km.s- l The velocity 
of the components of this feature is represented by the colom of the contours, where the 
red features are the most redshifted and blue features are the lllost blueshifted. The arrow 
points in the direction of the assumed stellar position. The synthesised beam is displayed 
in the bottom left corner, and is 1.087 x 0.370 mas in half-power with a position angle of 
_8.7°. 
6.4 Polarisation 
.J ust over half of the maser components listed in Table 5.1 display fractional linear 
polarisations above the detection threshold, with a median fract ional linear polarisa-
tion of ~ 6%. The peak value of the fractional linear polarisation is almost 100% and 
values of 30% and higher are not uncommon. About a third of the maser components 
display a fractional circular polarisation above the detection threshold. The values 
of circular polarisation thresholds U c were close to the peak fractional circular polar-
isations for signal-to-noise reasons, so a reliable median could not be estimated with 
confidence. The moan of the absolute value of the fractional circular polarisation was 
~ 2%, with a peak fractional circular polarisation of ~ 10%. 
McIntosh et al. (1994) performed single-dish observations of the SiO maser polar-
isation t,owards VY CMa. The fractional circular polarisation in the v = 1 J = 1-0 
SiO line was less than 5%, and the fractional linear polarisation was less than 10%, as 
discussed in Section 2.8.5. 13arvainis and Predmore (1985) found a fractional linear 
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polarisation of 3.870. The polarisation observed in this thesis is consistent with these 
single-dish polarisation values measured for VY CMa, as well as with the circular 
polarisation measured for TX Cam (Kemball and Diamond, 1997). 
6.4.1 Magnetic field 
Exactly how the polarisation is related to the underlying circumstellar magnetic field 
is dependant upon the details of the maser polarisation theory assumed. Two diflerent 
models are presently used to interpret the polarisation in terms of a magnetic field. 
The first model was developed by Elitzur in a series of papers (Elitzur, 1991, 1993, 
1996, 1998, 1992). The maser polarisation in tllPse models is generated by standard 
Zeeman splitting. The polarisation of SiO maser emission falls into t he category of 
overlapping Zeeman components, as it is a non-paramagnetic molecule. The Zeeman 
theory predicts that the fractional circular polarisation should decrease with increas-
ing rotational quantum numbers, and consequently frequency, of the maser transition. 
This decrease has been observed in the v=l J = 2-1 and v=l J= 1- 0 SiO lines of 
VY CMa (McIntosh et aI., 1994) , lending support to the model. 
The second polarisation model proposes a non-Zeeman interpretation of the maser 
polarisation and is described by Western and Watson (1983), Nedoluha and Watson 
(1994), Wiebe and Watson (1998) and references therein. In this framework, circular 
polarization is generated from linear polarizat ion due to changing optical axes along 
the direction of propagation. Nedoluha and Watson (1994) showed that in this frame-
work magnetic fields as small as 10 - 100 mG can produce a circular polarisation of 
10%, unlike in the Zeeman model which requires magnetic fields of the order of 100 G 
to produce similar levels of polarisation. The fractional pola.risation predicted by the 
non-Zeeman model is largely insensitive to magnetic fi eld strength over several orders 
of magnitude. 
Kemball and Diamond (1997) derived the expression: 
B = 3.2 m e tiVD cos () (6.3) 
from the work of Elitzur (1996), to estimate the magnetic fi eld strength from the 
fractional circular polarisation me' The angle () is the unknown angle between the 
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F igure 6.12: Plot of inferred magnetic field versus radial distance from VY CMa. T he 
scales arc both logarithmic. The three crosses represent. magnetic field values derived from 
SiO maser observations (this thesis), H2 0 maser observations (Vlemmings et aI., 20020.) and 
OH maser observations (Benson and Mute!, 1982). The dotted line represents a dipole-type 
magnetic field relationship which best fit.s the three points, and the solid line is the best 
fitting solar-type magnetic field relat.ionship. 
magnetic field and the line of sight , and tWD is the Doppler line width for the SiO 
v = 1 J = 1-0 transition, which they take to be 0.6 km.s- 1. They used this relationship 
to find a value of B SeC IJ ~ 5 - lOG in the SiO maser region of TX Cam. Using the 
mean value of the fractional circular polarisation, Inc ~ 2o/r, and the same Doppler 
linewidth, the magnetic field strength around VY CMa predicted by the Zeeman 
model is B sec IJ ~ .!G. 
The strength of a magnetic field in the circumstellar enwlope, if assumed global, 
may reasonably be assumed to vary as a power law with radial distance. Vlemmings 
et at. (2002a) nsed a solar and dipole-type relationship to model this dependence: 
B oc.,.o (6.4) 
where Q is -2 for solar-type magnetic fields, and -3 for dipole-type magnetic fields. 
Published magnetic field values derived from OH and H20 masers, and the SiO maser 
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Figure 6.13: Plot of Ix - ..pI. the difference between the linear polarisation vector X of 
a maser component and the position angle of a tangent to the maser distribution at that 
point, ..p, versus the position angle of the component on the maser sheIL 
magnetic field value calculated in this thesis, are shown in Figure 6.12 as a function 
of their assumed distances from the star , following \ ' lemmings et aL (2002a). The 
OH magnetic field is ~ 1 mG at a distance of 1.6 arcseconds, and the H2 0 magnetic 
field is ~ 200 mG at a distance of 150 mas (Section 2.9.6). The best-fitting solar 
and dipole-type magnetic fields are also shown in the figu re. The best fitting solar-
type field would give a field of 30 G at the stellar surface, and the dipole-type field 
a value of about 500 G. The ~ 4 G SiO magnetic field value, located at a radius 
of approximately 30 mas, seems consistent with the power-law relationship proposed 
by Vlemmings et aL (2002a), and also appears to favo ur the solar-type law over the 
dipole- type law, which they also find. 
In the standard Zeeman model the position angle of the linear polarisation X is 
dependent on the angle e between the magnetic fi eld and the line of sight to the maser 
feature. The vector X is either parallel or perpendicular to the magnetic field vector 
I B projected onto the sky plane, depending on the angle B: 
X II I B 
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X ..L '18 (J > 55° (6.5) 
(Elitzur , 1992, pg 184). Kemball and Diamond (1997) undertook full polarisation 
VLBl observations of SiO towards TX Cam. In the resultant linear polarisation 
maps the linear polarisation position angles of maser components show fine scale 
structnre superimposed on generally tangential polarisation position angles relative 
to the maser ring. T he polarisation morphology is not inconsistent with an ordered 
magnetic fie ld inflnenced by local magnetic features. In light of Equation 6.5, a 
tangential pattern of polarisation angles is consistent with a radial magnetic field 
(Kemball and Diamond , 1997). The \,Y CMa polarisation position angles shown in 
Figure 5.7 do not display the overall tangential distribntion that is observed towards 
TX Cam, nor do they show any obvious regularity. 
R Aqr displays groups of primarily radial or primarily tangential linear polarisation 
vectors around certain posit ion angles on the ma~er shell (Boboltz, 1997). Boboltz 
(1997) examined the linear polarisation angles for radial or tangential polarisat.ion 
regions by considering the difference between a local tangent to the ring distribution , 
with position angle ?jJ, and the linear polarisation position angle, x. T he difference 
Ix - 1/11 will be close to 0° for I,angential polarisation, and close to 90° for radial 
polarisation. A similar plot of Ix - ·uII for the linearly polarised VY CMa ma~er 
components listed in Table 5.1 is shown in Figure 6.13. Unlike the plots of Boboltz 
(1997), Figure 6.13 does not show the clear clusters of components at 0" and 900 
which wou ld imply distinct radial or tangential polarisation regions. 
A particularly interesting featnre of the linear polarisation is a rotation of position 
angle with velocity observed in several individual maser components. Barvainis (1984) 
observed that the SiO linear polarisation position angle rotated with velocity towards 
IRc2 in the Orion KL nebu la. Th0 polarisation position angle rotated by about 60° 
over each of the two components in the maser profile. Since the direction of the 
linear polarisation is dependant on the magnetic fi eld (Eqnation 6. 5) , a rotation of 
polarisation position angle implies a change in the projected direction of the magnetic 
fi eld . Barvainis (1984) attribute the posit ion angle changing with velocity to a velocity 
field and a magnetic field which changes with position in a rotating and expanding 
disk structure. 
Figure 6.15 shows two ma~er components with rotating linear polarisation position 
120 
v a <5 Rotation Rotation rate 6a ~o 
[km.s- I ] [mas] [mas] [deg] [degjkm.s- I ] [mas] [mas] 
26.387 13.712 2.872 17.1 26.3 0.240 0.880 
21.390 20.044 36.568 36.5 28.0 0.264 0.288 
Table 6.2: Rotation of the linear polarisation position angle X of two maser components. 
The first three columus arc centre velocity, right ascension and dcclinatiou of the compouent 
frolll Table 5.1. The forth column is the clockwise rotation of the polarisation position angle 
and the fifth is the rotation divided by the velocity spread of the component. The final two 
cotulllns are the difference in right a.scension and declination of the spots in the first and 
final velocity channels of each component. 
angles. T he properties of these two components are shown in Table 6.2. They rotate 
by ~ 5' each challnel, which translates to a rate of ~ 25 degjkm.s- I . Several other 
components appear to rotate by lesser degrees over a smaller velocity range, but the 
large uncertainties in polarisation position angle calculations makes the other rotation 
detections very tentative. 
The rotating components are located in south-east and north-east regions of the 
maser ring. In accordance with Barvainis (1984), the rotation may imply a changing 
magnetic field direction with velocity in the circumstellar matter from which the 
spots arise. The two spots move marginally in right ascension and declination over 
the frequenc . width of the component, so perhaps the changing properties of the 
medium over this length can account for the rotation. Barvainis (1984) derived global 
velocity field information from the rotation , which cannot be done here for two main 
reasons. Firstly, we are only observing this effect in two small isolated maser spots 
from the entire emission region. Secondly, the the movement of the spot is on a much 
smaller scale than that considered by Barvainis (1984) for magnetic field and velocity 
field changes and , in fact , the greatest rotation is observed for the component which 
moves the least. 
Boboltz (1997) points out that in the non-Zeeman interpretation there should be 
some correlation between the linear and circular polarisation of the observed maser 
spots . Figure 6.14 is a plot of fractional circular polarisation me versus fractional lin-
ear polarisation mi. The circular and linear polarisations do not show any evidence 
of correlation - the pairwise Pearson correlation coefficient is 0.032. There are many 
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Figure 6.14: Plot of fractional circular polarisation, Imel, versus fractional linear polarisa-
tion, 1nt. 
linearly polarised spots that have a circular polarisation below the circu lar polari-
sation cutoff, creating the horizontal row at zero circular polarisation in the figure. 
Wiebe and Watson (1998) performed numerical simulations of 8iO maser polarisation 
in late-type stellar envelopes using the nOll-Zeeman interpretation . They found that 
the correlation between circular and linear polarisation of individual maser compo-
nents was destroyed by statistical variations in the veloci ty field and the magnetic 
field in the circumstellar envelope. Consequently the lack of observed correlation 
between the fractional circular and fractional linear polarisations of the 8iO maser 
components towards VY CMa does not rule out the non-Zeeman interpretation of the 
polarisation. 
6.5 Discussion 
The total intensity maser map was compared to a number of theoretical distribu-
tions to investigate the underlying kinematics of the SiO maser region. The maser 
spots show a possible ring distribution with a radius of 32 mas. 1\lost of the maser 
components fall within 50 mas from the center of this ring. 
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The data were fitted to a simple expanding shell model with a radius of 32 mas 
aronnd the center of the fitted riug, assumed to be the stellar position. This assump-
tion is questionable, however, given that astrometric observations of H20 masers 
towards U Her show that U Her is not located in the center of t he H2 0 maser ring. 
(Vlemmiugs et aI. , 2002b). The simple expanding shell model did not fit the data 
well, which is not suprising as the SiO masers are located in a complex region of 
the stellar-envelope where the gas is accelelerating. The maser map was also unsuc-
cessfully tested for evidence of a bipolar flow. Several authors have suggested that 
observations on VY CMa at different wavelengths display evideuce for a bipolar flow 
along various axes, but the SiO maser map presented in this thesis does not verify 
their claims. A velocity gradient with position angle around the maser shell was ob-
served in the to tal intensity maser map, and was modeled by solid body rotation of 
the maser shell. The model giws a projected rotational velocity of 18 km.s- 1, which 
is higher than would be expected for a massive late-type star such as VY CMa. While 
Cotton et ai. (2004) found that the mira variables R Aquarii and S Corona Boralis 
also displayed evidence of solid body rotation, the velocities were smaller and these 
stars are not supergiants. Consequent ly, the observed velocity gradient may be bet,ter 
interpreted as the projection effect of an asymmetric outflow in the SiO maser region , 
such as a tiltedrxpanding disk. Of the three models considered, the simple expanding 
shell, bipolar flow and rotating shell , none showed a convincing fit to the data. In 
light of the significant variability of the SiO maser emission, further observations will 
be usefu l to investigate the models further. 
The levels of circular and linear polarisation of t he Si 0 maser spots are consis-
tent with previous polarisation measurements of TX Cam (Kemball and Diamond, 
1997) and single-dish observations of SiO masers towards \ 'Y CMa (Barvainis and 
Predmore, 1985; McIntosh et aI., 1994) . 
A magnetic field of B sec B ~ 4G was calculated from the mean circular polarisa-
tion , applying the Zeeman theory of maser polarisation. The magnetic field in the 
circumstellar envelope was be modelled by a power law decrease in strength with dis-
tance from the stellar position. The 4G magnetic field fitted well with magnetic field 
values derived from H20 anel OH maser emission. The fact that the magnetic field 
values derived from each of the three maser species fit this model implies that 4G is 
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a reasonable estimate of the magnetic field ill the SiO maser emission region. This 
favours the Zeeman interpret.ation of the SiO maser polarisation, from which the 4G 
magnetic field estimate was derived. The position angles of the linear polarisation are 
irregular and there is no correlation between the linear and circular polarisation of 
the maser components, giving no further information about which of the competing 
maser polarisation theories should be applied to the SiO masers . 
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Figure 6.15: Rotation of linear polarisation posit ion angle of maser components with veloc-
ity. The position angle of the linear polarisation of the 26.387 km.s- 1 component rotates by 
17° (left) and the linear polarisation of the 21.390 km.s- 1 component rotates by 36° (right). 
The angles of the vectors in the figures are the linear polarisation position angles and the 
linear polarisation is reprpscnted by the length of the vectors, with 11ll3S = 1.25 Jy/beam. 
T he synthesised beam is displayed in the bottom left corner of the top panel of each figure, 
and is 1.274 x 0.401 mas in half-power with a position angle of - 12.4°. 
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Chapter 7 
Conclusion 
7.1 Synopsis of results 
This thesis reports the production and analysis of VLBI synthpsis images of the SiO 
v= 1 J=I - 0 ma.~er emission in all four Stokes parameters towards VY OMa. 
The intensity map shows a nnmber of individual maser components covering an 
area of 100 x 80 mas in right ascension and declination. Gaussian fits to the emission 
features yields a total of 81 distinct components over a velocity range of 7.485 to 
30.949 km.s-I . The individual spots are about 1 mas in size . 
The maser components exhibit an irregular distribution . A circle fit to the com-
ponents gives a nominal radius of 32 mas for the SiO maser emission, which converts 
to 7.2 X 1014 em assuming a distance of 1.5 kpc. Assuming a stellar radius of 10 mas 
the maser ring has a radius of 3.2 R •. If the stellar position is assumed to be at the 
centre of the fitted ring, almost all of the maser components are found to lie inside 
the inner dust shell radius, which is at approximately 5 R •. The components all fa.1l 
between 1.5 and 6 R •. 
The velocity distribution of the maser components was investigated for evidence of 
a bipolar flow, but none was found in these data. A systematic velocity gradient with 
position angle was observed in the sparsely populated western region of the maser 
ring. If this gradient is the result of solid body rotation of the circumstellar shell , 
then it implies a rotat. ional velocity of '" rot sin i = 18 km.s- I and a corresponding 
maximum rotat ion period of approximately 80 years assuming an east-west rotation 
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axis. The velocity gradient could , however , be caused by projection effects from an 
aspherical outflow. 
The linear and circular polarisation of the maser components was derived from 
the Stokes Q, [I and 1/ images. The median fractional linear polarisation was found 
to be ~ 6%, with some components displaying up to almost. 100%. T he mean circular 
polarisation was found to be ~ 2%, with a peak value of ~ 1070. In the standard 
Zeeman int,erpretation of maser polarisation, the level of circular polarisation implies 
a magnrtic field of ~ 4 G in the SiO maser region. This value is consistent with 
published H20 and OH measurements of the magnetic field and a solar or dipole-
type relationship between magnetic field magnitude and radial distance from t.he star, 
which favours the Zeeman interpretation of the SiO maBer polarisation. The linear 
polarisation position angles do not show any systematic radial or tangential t rend 
relative to the projected shell. No correlation was observetl between the degree of 
linear and circular polarisation of t.he maser spots. Two maser spots show a rotat.ion 
in polarisation position angle with velocity at a rate of ~ 25 deg/ km.s- I . T his change 
in polarisation posit.ion angle may be due to change in magnetic field oYer the maser 
component. 
7.2 Future work 
\'Y eMa is a strong emitter in many SiO lines (see Table 2.7) , making it an ideal 
object for testing maser polarisation models and maser pumping models. 
Simultaneous VLBI polarimetry of the J = 1 - 0 and J = 2 - I SiO lines in a 
particular vibrational state can distinguish between the Zeeman and non-Zeeman 
theories of maser polarisation. The Zeeman theory predicts that circular polarisation 
should decrease for higher J transitions, when other properties are constant (Elitzur, 
1996). Single dish observations have shown less circular polarisation in the J = 2 - 1 
li ne than the J = 1 -0 line (Mclntosh et aI. , 1994). VLBI resolution observations are 
llecessary, however, to compare the circular polarisations of individual maser features 
present in both lines. Such observations will ensure that spatial blending of many 
maser components at a given frequency does not. impair the comparison. 
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Total intensity maps for transitions between the same rotational levels for differ-
ent vibrational states can serve as a test of the competing radiative and collisional 
pumping models. The VLBA is capable of near simultaneous observations of the 
J = 1 - 0 and J = 2 - 1 transitions in the v= 0,1,2,3 vibrational states, which allows 
direct comparison of the maser components in maps of these emission lines. Soria-
Ruiz et al. (2004) recently compared \,LBA maps of v = 1 and 2 J = 1 -0 and .] = 2 - 1 
lines towards IRC+lOOll and X Cyg with the purpose of investigating the SiO maser 
pumping mechanisms. A similar set of comparisons could be made for VY CMa, 
including lines in the v = 0 and 3 vibrational states. 
Proper motion studies of the SiO maser towards \,Y CMa would be valuable 
in studies of the circumstellar shell kinematics and in extending the results of this 
thesis. Globally, proper motion information would assist in differentiating between 
rotational models for large-scale velocity gradients and non-rotational models, such 
as asymmetric outflows or disk geometries. Tracking the development of smaller-
scale features may help constrain models of the circumstellar environment in terms 
of shocks, turbulence and asymmetric mass-loss. 
The recent Shinnaga et al. (2004) v = 1 J = 5 -4 SiO map gave t he appearance that 
these masers may be located in a bipola.r outflow, where the conditions for such high 
frequency masers exist. In light of this result, it would be interesting to observe other 
high frequency SiO masers to see if they reside in similar regions of the circumst,ellar 
envelope. Many high frequency SiO maser spectra have been observed towards VY 
CII-Ia, up to the J = 8 - 7 transitions which have frequencies of ~ 340 GHz (Table 
2.7). Attempts could be made to image these masers with instruments such as the 
Submillimeter Array used by Shinnaga et al. (2004) and by future telescopes such as 
the Atacama Large II-!i llimeter Array. 
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Appendix A 
Total intensity channel maps 
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Figure A.l: A contour plot of the total intensity (Stokes I) lIlaser emission for channel 
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maps 22.5 - 24.0 km.s- 1, as for Figure A.I. 
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maps 12.0 - 13.6 km.s- 1 , as for Figure A.l. 
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maps 8.6 - 10.1 km.s- 1, as for Figure A.1. 
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Appendix B 
Linear polarisation channel maps 
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Figure B.4: Linear polarisation vectors in channels 24.2 - 25.7 km.s- " as for Figure B.l. 
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Figure B .5: Linear polarisation vectors in channels 22.5 - 24.0 km.s- 1, as for Figure B.l. 
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Figure B.6: Linear polarisation vectors in channels 20.7 - 22.3 km.s- 1 , as for Figure B.l. 
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Figure B.7: Linear polarisation vectors in channcls 19.0 - 20.5 km.s - I , as for Figure B.l. 
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F igure B. B: Linear polarisation vectors in channels 17.3 - 18.8 km.s-" as for Figure B.l. 
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F igure B.9: Linear polarisation vectors in channels 15.5 - 17.0 km.s- 1, as for Figure B.lo 
153 
u 
60 
40 
20 
o 
-20 
-40 
-60 
60 
40 
20 
o 
-20 
-40 
-60 
60 
40 
~ 20 
u 
a: 0 
:'! 
~ -20 
-40 
-60 
60 
40 
20 
o 
-20 
-40 
-60 
15.3 KM/S 
/ 
. 
14.9 KMiS 
14.4 KM/S 
14.0 KM/S 
60 40 20 0 -20 -40 -60 
MiliiARC SEC 
15.1 KMiS 
, 
14.7 KM/S 
14.2 KMiS 
13.8 KMiS 
Figure D.lO: Linear polarisation vectors in channels 13.8 - 15.3 km.s- J • as for Figure B.l. 
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Figure B.ll: Linear polarisation vectors in channels 12.0 - 13.6 km.s- 1, as for Figure B.l. 
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Figure B.12: Linear polarisation vectors in challnels 10.3 - 11.8 km.s- 1, as for Figure B.!. 
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Figure Il.13: Linear polarisation vectors in channels 8.6 - 10.1 km.s- 1, as for Figure B.l. 
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Appendix C 
Stokes Q channel maps 
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Figure C .l: A contour plot of the Stokes Q maser emission for channel maps 29.4 - 30.9 
km.s- l The contour levels are -100, -80 , -GO, -40, -15, -5, -2, 2, 5, 15, 40, 60, 80 and 100% 
of the absolute value of the peak flux density in the Stokes Q cube, -42.891 Jy/beam. 
160 
() 
60 
40 
20 
o 
-20 
-40 
-60 
60 
40 
20 
o 
-20 
-40 
-60 
60 
40 
m 20 
() 
II: 0 
~ 
~ -20 
-40 
-60 
60 
40 
20 
o 
-20 
-40 
-60 
29.2 KMIS 
28.8 KM/S 
28.3 KM/S 
27.9 KMIS 
60 40 20 0 -20 -40 -60 
MiliiARCSEC 
29.0 KM/S 
28.6 KM/S 
28.1 KMIS 
27.7 KM/S 
Figure C .2: A contour plot of the Stokes Q maser emission for channel maps 27.7 - 29.2 
km.s- 1, as for Figure C.l. 
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Figure C.3: A contour plot of the Stokes Q maser emission for channel maps 26.0 - 27.5 
km.s- 1, as for Figure C.l. 
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Figure C..! : A contour plot of the Stokes Q maser emission for channel maps 24.2 - 25.7 
km.s- 1 , as for Figure C.l. 
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Figure C .5: A contour plot of the Stokes Q maser emission for channel maps 22.5 - 24.0 
km .s- 1) as for Figure C.l. 
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Figure C.6: A contour plot of the Stokcs Q mascr emi,sion for channel maps 20.7 - 22.3 
km.s- l , as for Figure C.l. 
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Figure C.7: A coutour plot of the Stokes Q mo.,er emissiou for channel maps 19.0 . 20.0 
km.s- 1, as for Figure C.l. 
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Figure C.S: A contour plot of the Stokes Q maser emission for channel maps 17.3 - 18.8 
km.s- 1) as for Figurp C.l. 
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Figure e.g: A contour plot of the Stokes Q maser emission for channel maps 15.5 - 17.0 
km.s- 1 J as for Figure C.l. 
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Figure C.10: A contour plot of the St.okes Q maser emission for channel maps 13.8 - 15.3 
krn.s- I , as for Figure C.l. 
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Figure C.ll: A contour plot of the Stokes Q maser emission for channel maps 12.0 - 13.0 
km.s - 1, as for Figure C.l. 
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Figure C.12: A contour plot of the Stokes Q maser emission for channel maps 10.3 - ll.S 
km.s- I, as for Figure C.l. 
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Figure C.13: A contour plot of the Stokes Q maser emission for channel maps 8.6 - 10.1 
km.s- J , as for Figure C.1. 
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Figure C.14: A contour plot of the Stokes Q maser emission for channel maps 7.5 - 8.4 
km.s- l ) as for Figure C.l. 
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Appendix D 
Stokes U channel maps 
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Figure D.I: A contour plot of the Stokes U maser emission for channel maps 29.4 - 30.9 
km.s- l The contour levels are -100, -80, -60, -40, -15, -5 , -1, 1, 5, 15, 40, 60 , 80 and 100% 
of the absolute value of the peak flux density in the Stokes U cube, 75.699 Jy/ hearn. 
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Figure D.2: A contour plot of the Stokes U maser emission for channclmaps 27.7 . 29.2 
km.s- 1, as for Figure D.l. 
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Figure 0 .3: A contour plot of the Stokes U maser emission for channel maps 26.0 - 27.5 
km.s- 1, as for Figure D.1. 
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Figure 0.4: A contour plot of the Stokes U maser emission for channel maps 24.2 - 25.7 
klll.S - 1, as for Figure D.l. 
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Figure 0.5: A contollt' plot of the Stokes U maser emission for channel maps 22 .5 - 24.0 
km.s- I > as for Figure D.l. 
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Figure D.G: A contour plot of the Stokes U maser emission for channel maps 20.7 - 22 .3 
km.s- I , as for Figure D.l. 
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Figure D.7: A contour plot of the Stokes U maser emission for channel maps 19.0 - 20.5 
km.s-I, as for Figure D.l. 
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Figure D.8: A contour plot of the Stokes U maser emission for channcl maps 17.3 - 18.8 
km.s - 1 , as for Figurc D.l. 
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Figure 0.9: A contour plot of the Stokes U maser emission for channel maps 15.5 - 17.0 
km .s - l , as for Figure D.l. 
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Figure D.lO: A contour plot of the Stokes U maser emission for channel maps 13.8 - 15.3 
km.s- l ) as for Figure D.l. 
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Figure D.ll: A contom plot of the Stokes U maser emission for channel maps 12.0 - 13.6 
km.s- I , as for Figure D.l. 
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Figure D.12: A contour plot of the Stokes U Illaser emission for channcl maps 10.3 - 11.8 
km.s- 1, as for Figure D.l. 
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Figure 0.13: A contour plot of the Stokes U maser emission for channel maps 8.6 . 10.1 
km.s- l , as for Figure D.l. 
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Figure D.14: A contour plot of the Stokes U maser emission for channel maps 7.5 - 8.4 
km.s- 1, as for Figure D.l. 
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Figure E.l: A contour plot of the Stokes V maser emission for channel maps 29.4 - 30.9 
knl.s- l . The contour levels are -100, -80, -60, -40, -15, -6, 6, 15, 40, 60, 80 and 100% of the 
absolute value of the peak flux density in the Stokes V cube, 10.694 Jy/beam. 
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Figure E.2: A contour plot of the Stokes V maser emission for channel maps 27.7 - 20.2 
km.s- I , as for Figure E.l. 
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Figure E.3: A contour plot of the Stokes V ma.~er emission for channel maps 26.0 - 27.5 
km.s - I , as for Figure E.l. 
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Figure E.4: A contour plot of the Stokes V maser emission for channel maps 24.2 - 25.7 
km.s- 1, as for Figure E.l. 
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Figure E,5: A contour plot of the Stokes V maser emission for channel maps 22.5 - 2·1.0 
km.s- 1, as for Figure E.l. 
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Figure E.6: A contour plot of the Stokes V maser emission for channel maps 20.7 - 22.3 
km.s- 1) as for Figure E.L 
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Figure E .7: A contour plot of the Stokes V maser emission for channel maps 19.0 - 20.5 
kln.s- l , as for Figure E.l. 
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Figure E.B: A contour plot of the Stokes V ma-,er emission for channel maps 17.3 - 18.8 
km.s- 1 , as for Figure E .l. 
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Figure E .9: A contour plot of the Stokes V maser emission for channel maps 15.5 - 17.0 
km.s- 1, as for Figure E.t. 
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Figure KID: A contour plot of the Stokes V maser emission for channel maps 13.8 - 16.3 
km.s- 1, as for Figure E.l. 
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Figure E.ll: A contour plot of the Stokes V maser emission for channel maps 12.0 - 13.6 
km.s- l , as for Figure E.lo 
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Figure E.12: A contour plot of the Stokes V maser emission for channel maps 10.3 - 1l.S 
km.s- 1, as for Figure E.l. 
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Figure E .13: A contour plot of the Stoke.s V maser emission for channel maps 8.6 . 10.1 
km.s- l , as for Figure E.l. 
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Figure E .14: A contour plot of the Stokes V maser emission for channel maps 7.5 - 8.4 
km.s- 1, as for Figure E.1. 
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